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Statement required under ordinance 111 

This thesis describes results obtained during the “ Investigations of multilayered III-V 
compound structures grown by liquid phase epitaxy The new facts that have emerged 
from this work are: 

1] AlGaAs based strained heterostructures could be grown using low temperature liquid 
phase epitaxy. A piston graphite boat is found suitable for low temperature (700°-400°C) 
liquid phase epitaxy. 

2] Thin epitaxial layers (about 50nm thick), for the active layer of laser diodes can be 
synthesized reproducibly using this technique. 

3] Fully strained, defect-free, thin pesudomorphic layers such as GaAsP and GaAsSb 
could be synthesized on GaAs substrates using LPE. These layers are of device quality 
and can be used for the active region of strained-layer laser diodes. 

4] A disadvantage of piston boat is an unavoidable mixing of successive solutions with 
the preceding ones. About 3-7% A1 is incorporated in GaAs grown from a solution that 
displaces the solution used for growing Alo. 3 Gao. 7 As layer. 

5] Emission wavelength of laser diode fabricated from such heterostructure with GaAs 
active layer is in 820-850nm range. This variation is due to aluminium incorporation in 
the active layer because of solution intennixing. 

6 ] Incorporation of P produces tensile strain whereas compressive strain is produced by 
incorporation of Sb. Thus, with P incorporation lasers emitting at 795, 818, 830 and 
833nm are obtained whereas with Sb incorporation, lasers emitting at 855, 870, 880 and 
900nm are obtained. It is shown by x-ray measurements that the layers are 
pseudomorphically strained. 
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Chapter 1 

Semiconductor heterostructures and applications 

1.1 Multilayered heterostructures and III-V compounds 

Multilayered heterostructures using semiconductor materials are being used in number of 
devices such as laser diodes, detectors, solar cells and sensors. Tiny lasers are in everyday use 
in our homes and offices. They are present in CD/DVD players, computer drives and laser 
printers, displays and bar code readers, pointers and indicators, and are also used for medical 
and military operations. However, these lasers are barely forty years old and until about 1980 
they were largely used in the laboratories. With the development of optical communication 
systems, these lasers were found quite useful in data transmission. Soon the commercial 
production was taken up in industries. It will be quite instructive to review the development 
of these tiny light emitters made using semiconductor heterostructures. To begin with, we 
shall describe in brief the semiconductor materials used in synthesizing laser diodes. 

A perfect crystalline inorganic bulk semiconductor has a band of electronic states completely 
filled at absolute zero temperature (termed as valence band), separated from another 
completely empty band of electronic states (termed as conduction band) by a region of 
forbidden energy. At absolute zero temperature, this ideal intrinsic semiconductor is a perfect 
insulator. At higher temperatures, a few electrons from the valence band acquire sufficient 
thennal energy and are excited across the forbidden energy gap to partially fill the electronic 
states in the conduction band and leave empty states in the valence band. Both the electrons 
in the partially filled conduction band and the positively charged empty states (termed as 
holes) in the valence band contribute to electrical conduction in semiconductors. The 
conductivity of an intrinsic semiconductor can be altered and enhanced by doping with 
appropriate impurities which are either electron donors making it n type or electron acceptors 
making it p type. 

Depending on the nature of constituent atoms and the crystal structure, electronic energy 
depends on momentum in a complex way. There are maxima and minima in energy along 
specific directions in the momentum space. The energy separation between the lowest 
conduction band minimum and the highest valence band maximum is termed as the 
fundamental energy gap or simply the band gap of the material. Examples of the inorganic 
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bulk semiconductors, with different energy gaps are: (i) elemental semiconductors in which 
only group IV elements are assembled in a diamond lattice structure, viz. Si: 1.12eV, Ge: 
0.67eV, and (ii) compound semiconductors constituting group III and group V elements of 
the periodic table having zinc blende or hexagonal lattice structure, viz. GaN: 3.36eV, GaP: 
2.leV, GaAs: 1.42eV, InP: 1.35eV. GaSb: 0.7eV, InAs: 0.36eV, and InSb: 0.17eV. 





Fig. 1.1 Band diagram of (a) Germanium, (b) Silicon, and (c) GaAs 


Fig. 1.1 shows the variation of electron energy with wave number (momentum) in (a) 
Germanium, (b) Silicon, and (c) GaAs along the [100] and [111] directions in k space [1]. 
As seen, if the conduction band minimum (CBM) and the valence band maximum (VBM) 
occur at the same wavevector k, [momentum p = (h/27t) k] the semiconductor is called direct 
gap and if the CBM and VBM occur at different points in the momentum space, the 
semiconductor is called indirect. The fundamental band gap of elemental semiconductors 
such as Si and Ge is indirect. In these, the absorption coefficient near the band edge energy is 
relatively low and correspondingly they are inefficient light emitters. On the other hand, 
several compound semiconductors (although not all) such as GaAs, InP and GaSb have direct 
fundamental energy gap. They have high absorption coefficients near the band edge energy 
and are also efficient light emitters. These binary compounds can be combined or alloyed 
using one or more group III elements with one or more group V elements to form mixed 
crystals such as ternary and quaternary materials AlGaAs, AlGaAsP, InGaAs, InGaP, 
InGaAsP, GaAsSb, AlGaAsSb etc. Band gap of each alloy varies with the composition and 
hence these materials are useful for synthesizing light emitting diodes and lasers over an 
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extended wavelength range 650-1600nm. These ternary and quaternary compounds are 
typically used in the form of thin epitaxial films deposited on GaAs, InP or GaSb substrates. 

1.2 Development of heterostructures for semiconductor lasers 

A simple laser diode structure consists of a junction between p-type and n-type 
semiconductor. Under forward bias, charge carriers viz. electrons from n-type and holes from 
p-type are injected across the junction. These excess carriers in the junction region recombine 
giving rise to photon emission during the process of radiative recombination. The photon 
emission could be spontaneous as in the case of light emitting diodes (LED’s) or stimulated 
as in the case of laser amplifiers respectively. In addition to light amplification by stimulated 
emission of radiation, the laser diode incorporates a suitable cavity structure to provide 
feedback so that the device behaves as an oscillator. 

Initially, homojunction lasers were made by diffusing p-type dopant in n-GaAs substrates. 
During 1961-62, three laboratories independently developed lasers employing GaAs 
homojunctions [2-4]. These diodes operated at cryogenic temperatures in pulse mode and had 
threshold current densities over 50,000 A/cm". The reliability was erratic, with operating 
lifetimes ranging from minutes to a few hundred hours. Several other II-VI, III-V and IV-VI 
compounds also exhibited stimulated light emission by photo pumping. By about 1968, lasing 
action had been obtained, particularly by photo pumping, at low temperatures and over a 
broad 0.5-20pm spectral range using a variety of materials, although room temperature light 
emission was achieved with only few materials e.g. GaAs emitting at ~870nm. 

Improvement in the laser performance had to await the concept of heterostructure in which 
the active layer of GaAs is sandwiched between higher band gap ternary alloy of AlGaAs. 
The idea was suggested by H. Kroemer [5] in the U.S. and by R. F. Kazarinov and Zh. I. 
Alferov [6] in the then Soviet Union. By 1970, Alferov’s group [7] and Hayashi and Panish 
[8] demonstrated double heterostructure laser continuously operating at room temperature 
and with threshold current densities reduced to ~ 5000 A/cm". In the year 2000, Alferov 
shared Nobel Prize in physics with H. Kroemer for this discovery of heterostructure that has 
laid the foundation of modem lasers used extensively in information technology. Fig. 1.2 
shows a schematic of a typical DH structure along with the band diagram, refractive index 
variation and optical confinement in the active region. 
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Fig. 1.2 Schematic of a typical DH structure 

Typical width of the middle GaAs layer is about 1000-2000 A 0 and the emission wavelength 
of laser is around 870nm. Development and usage of AlGaAs/GaAs DH structures continued 
as these diodes had long operating lifetimes of the order of few years. One role of a double 
heterostructure in these devices was to provide a barrier that blocked the diffusion of carriers 
across the junction and confined them to narrow region (carrier confinement). It also worked 
as a waveguide to confine light (optical confinement). Together, these two consequences of 
the double heterostructure reduced the threshold current density for lasing. The materials for 
these heterostructures were grown by methods of vapor phase epitaxy (VPE) and liquid phase 
epitaxy (LPE). 

In the mean time, new developments were occurring in semiconductor materials and devices. 
Novel structures such as superlattices, quantum wells, quantum wires and quantum dots and 
strained layers were suggested and studied theoretically. A whole new field of quantum 
structures emerged in which reduction of the size of the active layer below De Broglie 
wavelength of carriers, altered their energy band structures and modified electrical and 
optical properties, which has come to be known as quantum size effect (QSE). However, 
VPE/LPE techniques were not useful for growing the thin layers required for these structures. 
Around 1970, new techniques such as molecular beam epitaxy (MBE) and metal organic 
chemical vapor deposition (MOCVD) emerged and were found useful in growing ultrathin 
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MOCVD machines were manufactured commercially, the research in quantum well lasers 
increased tremendously. 

Early DH lasers and quantum well lasers used lattice matched material systems in which 
lattice parameter of the substrate and the layers was the same. Adams, Yablonovitch and 
Kane [13-14] predicted further reduction in the threshold current and improved device 
performance by using strained active layers. By replacing the active layer with larger (or 
smaller) lattice constant material, a compressive (or tensile) strain can be incorporated. This 
could be done easily by depositing ternary and quaternary alloys, such as InGaAs, InGaP, 
GaAsP, GaAsSb. InGaAsP. By controlling the thickness to a critical value (h c ), the strain 
could be accommodated in the structure without producing dislocations. High quality, 
dislocation free, pseudomorphic layer can be grown if the product of lattice mismatch times 
the layer thickness is less than about 200A° %. Thus, for accommodating 2% strain, the 
critical thickness has to be in the range of 100A°. Such thin layers are generally grown easily 
using MBE and MOCVD techniques. Strained layer quantum well lasers are available 
commercially over a wide range of wavelengths. 

1.3 Growth of ultrathin (quantum well) and strained layers using LPE. 

Although LPE method is not generally used for growing ultrathin layers, several attempts 
have been made to synthesize superlattices and quantum wells. Early AlGaAs/GaAs DH 
lasers were synthesized using LPE at high temperatures [~800°C] and hence it was very 
difficult to achieve thickness control. This was a serious drawback in synthesis of thin layers 
as needed for quantum well lasers by using LPE. Due to the difficulties in growing GalnAsP 
by MBE and the inadequate MOVPE technology in early 80’s, LPE was used for the growth 
of DH-GalnAsP/InP quantum well lasers in Japan, and in USA [15-17]. These structures 
were grown using low growth temperatures; controlled melt supersaturation and computer 
controlled slider movements. When fabricated into devices, these structures yielded GalnAsP 
lasers emitting at 1,3|im. During 1985-95, research groups from China, Gennany, and Russia 
could obtain quantum well structures [18-22] by employing low temperature LPE growth 
technique. Quantum well lasers with threshold current density of 120 A/cnr were reported by 
a Russian group [23]. 
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In the initial stages of the present work, we concentrated on synthesizing structures which 
had only GaAs and AlGaAs, which are closely lattice matched. We synthesized laser 
structures in which the thin active layer was GaAs with a small amount (2-3%) of Al. 
Although quantum well lasers based on AlGaAs/GaAs heterostructures synthesized by using 
LPE have been reported, there is no report on the synthesis of strained active layer based 
lasers. In this thesis, we report on the synthesis and characterization of AlGaAs based, 
separately confined ‘strained’ heterostructures, using liquid phase epitaxy. Strain has been 
incorporated in the active layer by using GaAs x Pi_ x or GaAs x Sbi_ x . The active layer that 
contains small amount of P is tensile strained and the one which contains Sb is compressively 
strained. We also report on the characterization of laser diodes fabricated using these 
structures. 

1.4 Current status of LPE in industry 

About 35 companies produce over 80-100 million units of laser diodes every year and 
contribute to about 400million US $ turnover [24]. Laser diodes are the only components that 
use all the three epitaxy techniques. Long wavelength diodes [>1300 nm] use LPE for the 
simpler structures and MOVPE and MBE techniques are used for more complex ones. Till 
the year 1996, over 65 % of LED’s and laser diodes were being made using LPE [25], Thus, 
LPE has continued to play an important role in industry although quantum well and strained 
layer lasers are not produced commercially by using LPE. 
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are used in modern semiconductor quantum well structures for which MBE and MOVPE are 
the preferred techniques. 


2.2 Methods of LPE 

In LPE, the basic requirement is to bring the substrate and the supersaturated solution in 
contact with one another to initiate the epitaxial layer growth and then to separate them at the 
end of the growth cycle. This is best achieved in graphite boats of specific designs. The 
choice of graphite is governed by its availability in high purity form. Graphite can be easily 
machined into necessary shapes to high tolerances. It is non-reactive with the nonnal solution 
constituents, not wetted by the growth solutions containing gallium and indium metals, and 
above all it has good thennal conductivity. However, graphite has the disadvantage of being 
porous, which leads to absorption of atmospheric oxygen and water vapour during loading. 
But this can be overcome by the use of glove box for loading and using long baking 
procedures for the solutions. 

Three types of growth systems viz. ‘tip’, ‘dip’ and ‘slider’ are in common use. Historically, in 
the ‘tip system’, proposed by Nelson [1], the graphite boat is placed in the center of the 
quartz tube such that at the beginning of the growth experiment, the growth solution and the 
substrate are at two ends. The supersaturated solution is rolled over the substrate for 
deposition. It is then tipped off when the deposition of the layer is complete. The apparatus is 
extremely simple and cheap to assemble. The main drawback of the tipping technique, apart 
from the difficulty of growing multilayer structures, is that the removal of solution at the end 
of the growth period is unreliable. In the ‘dip’ system originally described by Rupprecht [12], 
the growth solution is held in graphite or silica crucible and the substrate is placed either 
vertically or horizontally in a silica holder. The substrate is ‘dipped’ in the supersaturated 
solution and it is removed after the layer deposition. 

In the ‘slider’ system, the substrate is normally placed in a recess in the base of the boat while 
the growth solutions reside in wells/slots machined in movable/sliding solution carriers. 
Different solutions are positioned sequentially over the substrate by moving the slider and 
using the external push-rod arrangement to grow multilayered structures. In another variation, 
the solutions are held stationary and the substrate is pushed under them sequentially. An 
important factor in the boat design is the separation between the substrate surface and the 
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graphite surface of the solution carrying slider. This clearance is important in the wiping 
action when the solution is moved away from the growth substrate. If the clearance is too 
large, the solution wipe off will not be efficient, while if it is too small, scratching of the 
substrate may occur during the slider movements. Typical clearances are 25-100pm and can 
be adjusted by keeping thin graphite plates below the substrate. Most systems use ‘stationary 
substrate and moving solutions’ scheme. 

The origin of the use of horizontal sliding boat system is difficult to establish, but the paper 
by Panish et al [13] was one of the firsts. The sliding boat made biggest impact in the growth 
of multilayer structures where accurate control of layer thickness is important and good wipe 
off of solution at each stage is required. Size of a typical substrate used is few cm" and about 
400pm thick. The solution wells are circular or oblong or rectangular and made deep enough 
to hold 1-1 Ogm gallium solvent. Since the amount of the solution used is much less than in 
‘tip’ and ‘dip’ systems, economical use is made of the solution materials. Growth systems 
employing rotary sliders [14], wipingless slider [15] and pistons [16] have been developed 
and used successfully to synthesize AlGaAs/GaAs and InGaAsP/InP DH lasers and detectors. 

Growth experiments are carried out in quartz reactors that are heated in furnaces designed as 
per the requirements of the laboratories. High thermal mass furnaces are used where 
temperature stability is important. This can be achieved by employing bulky insulation 
between the heating element and the outer furnace walls. Low thermal mass furnaces are 
useful where rapid temperature changes are required e.g. fast rise in temperature, step 
cooling, supercooling during growth experiment. One such furnace uses gold coating for 
insulation [17]. The gold coated, semi-transparent, low thermal mass furnace consists of 
quartz tube coated on the inside with a thin semitransparent film of gold. By reflecting most 
of the IR radiation back into the tube, good temperature stability and almost unifonn profile 
is obtained by suitable design of the heating element. This ‘gold’ furnace is the outcome of 
the research at MIT Lincoln laboratory in 1970 and these furnaces are now available 
commercially with Trans Temp Company, USA. The furnace design offers a unique 
combination of visibility of high temperature phenomena and exceptional profile control. 

Ambient gas inside the quartz reactor tube is normally ultra high purity palladium-diffused 
hydrogen produced by commercially available purifier units [Matheson, Johnson-Matthey]. 


12 



are used in modern semiconductor quantum well structures for which MBE and MOVPE are 
the preferred techniques. 


2.2 Methods of LPE 

In LPE, the basic requirement is to bring the substrate and the supersaturated solution in 
contact with one another to initiate the epitaxial layer growth and then to separate them at the 
end of the growth cycle. This is best achieved in graphite boats of specific designs. The 
choice of graphite is governed by its availability in high purity form. Graphite can be easily 
machined into necessary shapes to high tolerances. It is non-reactive with the nonnal solution 
constituents, not wetted by the growth solutions containing gallium and indium metals, and 
above all it has good thennal conductivity. However, graphite has the disadvantage of being 
porous, which leads to absorption of atmospheric oxygen and water vapour during loading. 
But this can be overcome by the use of glove box for loading and using long baking 
procedures for the solutions. 

Three types of growth systems viz. ‘tip’, ‘dip’ and ‘slider’ are in common use. Historically, in 
the ‘tip system’, proposed by Nelson [1], the graphite boat is placed in the center of the 
quartz tube such that at the beginning of the growth experiment, the growth solution and the 
substrate are at two ends. The supersaturated solution is rolled over the substrate for 
deposition. It is then tipped off when the deposition of the layer is complete. The apparatus is 
extremely simple and cheap to assemble. The main drawback of the tipping technique, apart 
from the difficulty of growing multilayer structures, is that the removal of solution at the end 
of the growth period is unreliable. In the ‘dip’ system originally described by Rupprecht [12], 
the growth solution is held in graphite or silica crucible and the substrate is placed either 
vertically or horizontally in a silica holder. The substrate is ‘dipped’ in the supersaturated 
solution and it is removed after the layer deposition. 

In the ‘slider’ system, the substrate is normally placed in a recess in the base of the boat while 
the growth solutions reside in wells/slots machined in movable/sliding solution carriers. 
Different solutions are positioned sequentially over the substrate by moving the slider and 
using the external push-rod arrangement to grow multilayered structures. In another variation, 
the solutions are held stationary and the substrate is pushed under them sequentially. An 
important factor in the boat design is the separation between the substrate surface and the 


11 



substrate at x = 0. Prior to the contact, the solution concentration C [x, t < 0] = Co for all x. 
After the contact (t = 0) and at any time t, the solute concentration at the solid-liquid interface 
has a value equal to the liquidus concentration Ce(T) corresponding to the solution 
temperature. If the solution is being cooled, then at times ti and t2 the concentrations are Cei 
and C E 2 corresponding to temperatures Ti and T 2 , Ti > T 2 according to the cooling rate. As 
the cooling takes place, the layer of the solution next to the interface gives up its excess 
solute, which gets deposited on the substrate. 

C|s) 



t 

SUBSTRATE 

Fig. 2.2 Solute profile for semi-infinite solution 

In the case of a thick solution, far away from the interface, the concentration still remains at 
Co since there is no nucleation center around. This sets up a concentration gradient of the 
solute in the solution and the solute diffuses towards the interface. The growth occurs due to 
the deposition of the excess solute at the interface caused by continuous cooling of the 
interface and the diffusive transport of the solute from the bulk of the solution to the 
interface. Thus, the basis of LPE growth is the supersaturation in the growth solution and it 
can be produced in number of ways. Three methods that are commonly used for cooling 
solutions are as follows: 

1] Step cooled growth - In this method, after saturation at T sat , the solution is cooled by AT 
[10-15°C], below the saturation temperature, before it is brought into contact with the 
substrate. Growth solution is held at this temperature [T sat - AT] during the growth period t. In 
this case, the thickness of the grown layer is given by d (t) = 2 AT (D/ 7 t) 12 (1/C s m) t 1/2 [18] 
where AT is the initial supersaturation in the solution, D is diffusion coefficient of solute, m 
is slope of the liquidus at the growth temperature and C s is concentration of solute in the 
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wells in AlGaAs/GaAs was neglected due to the ease and the success of MBE and OMVPE 
techniques for synthesizing such thin layers. Some research groups have however reported 
the LPE growth of single quantum well and QW lasers [34-36]. 

2.5 LPE work at TIFR 

Liquid phase epitaxy of GaAs at TIFR began in early seventies. Subsequently, the work was 
extended for the deposition of single layers of binary, ternary and quaternary materials on 
GaAs, GaSb and InP substrates. Growth experiments were done using horizontal graphite 
slider boat, shown schematically in Fig. 2.3. This boat had the capability of holding three 
solutions and two substrates, one substrate for solution saturation 


Protective 



Fig. 2.3 Schematic of the slider graphite boat 

and the other for growth. As seen, two wells contain growth and etching solutions. The 
technique of saturation of the growth solution using a separate saturating substrate was thus 
employed. A process of in situ etch-back of substrate surface prior to growth was also 
developed and employed successfully [37]. The inset shows the use of a graphite disc for 
covering sample surface to minimize thermal degradation of the substrate surface and a plug 
to avoid loss of solute during the initial heating for solution homogenization. Single layers of 
undoped GaAs, AlGaAs, GaSb, GaAsSb, InP, InGaAs, and InGaAsP were grown on 
respective substrates. Sn doped AlGaAs on GaAs [38] and lattice matched, Ge doped InGaAs 
and InGaAsP layers were deposited on InP substrates to study the behavior of these dopants 
[39-41]. Growth of indium thallium phosphide (InTIP) on InP substrate was also attempted 
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[42]. Apart from these materials related studies, in 1992-93, we decided to extend the LPE 
work to grow multilayer heterostructures for devices such as lasers, using AlGaAs/GaAs 
materials. The motivation for this work was to investigate: 


1] Synthesis of multilayered structures in lattice matched AlGaAs/GaAs materials. 

2] Growth of a single quantum well in AlGaAs/GaAs/AlGaAs heterostructure. 

3] Growth of a strained single quantum well by incorporating elements such as P or Sb in the 
active GaAs layer. 

4] Synthesis of separately confined heterostructures for laser diodes employing strained/non- 
strained active layer/quantum well. 


Considering the requirements of growing thin layers reliably, it was clear that growth at 
lower temperatures would be desirable. With due consideration to various options, we 
decided to use the ‘piston boat’, originally designed and used by Russian research scientists 
[16]. We have used two designs of the piston boat as described below: 


2.5.1] Boat fabricated at TIFR - 


Fig. 2.4 shows schematic of the graphite boat fabricated by Mr. Jhanje at the graphite shop in 
the Glass Blowing section of TIFR. As seen, the boat contains three parts, a substrate carrier 
and a disposal bin for collecting the used solutions, a piston housing for solution transfer and 



Fig. 2.4 Schematic of the piston graphite boat fabricated at TIFR. 

a tray for carrying growth solutions. The movements of the piston and the solutions are 
carried out externally using quartz rods extending out of the reactor tube through the stainless 
steel end cap. Fig. 2.5 shows photographs of the graphite parts and the assembled boat. The 
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boat is 200mm long, 30mm wide and 25mm in height. The substrate recess is made in two 
parts to fit two rectangular substrates of 10mm x 4 mm and 10mm x 8mm size. Fig. 2.5 shows 
photographs of (a) assembled graphite boat and (b) dismantled boat with piston housing (top), 
substrate carrier with solution collection bin (middle) and solution carrier tray (bottom). High 
purity Poco graphite block is used for fabricating the boat and the machining is done without 
using any oil, grease or a coolant. The solution wells are 7mm clear circular holes spaced 
15mm apart and the height of the solution well is 10mm, providing ~0.4cm' volume for the 
solution. The gap between the substrate surface and the top graphite housing 



(a) Assembled boat (b) Dismantled boat 

Fig. 2.5 Photographs of the piston boat fabricated at TIFR. 

is about 0.5mm and can be changed by selecting substrates of different thickness or by using 
thin graphite plates. After machining, the boat was thoroughly cleaned and degreased in hot 
organic solvents like trichloroethylene several times and then heated in vacuum at about 
1000°C for several hours to remove volatile impurities. In this design, the growth substrate is 
placed in a fixed position and the last solution remained on it till the furnace cooled down to 
room temperature. This resulted in extra and unwanted growth from the last solution. 
Although we could grow the heterostructures of device quality using this boat, it was 
desirable to have a boat in which the substrate could be separated from the last solution while 
the furnace was cooled to room temperature. Such a boat was fabricated in Russia as 
described next. 

2.5.2] Boat fabricated at A. F. Ioffe Institute at St. Petersburg, Russia. 

During a visit of the author to A. F. Ioffe Institute, Russia in November 1997, another piston 
boat was designed, fabricated in the graphite shop of the Ioffe institute, fired in high vacuum 
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end cap fabricated for this boat. All the experiments of synthesizing multilayered 
heterostructures were done using this piston boat made in Russia. 

2.5.3] Benefits and shortcomings of a piston boat 

Multilayered growth is done using several solutions each designed to grow one layer. In 
conventional slider boat, the solutions are brought in contact with the growth substrate 
sequentially to deposit the layers. The surface of the grown layer is exposed to reactor 
ambient during the short period between solution transfer and may pose a serious wetting 
problem. In piston boat, the solution transfer takes place by displacing the solution that is 
already depositing a layer. Thus, after the initiation of the growth sequence the grown layer is 
always covered by a solution and never exposed to the reactor ambient till the end of the 
growth experiment. In order to grow a thin layer it is necessary to reduce the growth 
temperature to 600°C or below. At low temperature, a solution containing aluminum may 
have a thin film of oxide covering the solution surface. This can pose a problem of non¬ 
wetting of the substrate surface, resulting in disconnected growth islands. In the piston boat 
design, the graphite piston forces the solution through a small gap of less than a mm above 
the substrate surface. As a result, due to the squeezing of the solution at the growth 
temperature, the oxide film is broken and removed. This clean solution deposits a smooth 
layer on the substrate. The solution substitution is perfonned by displacing (flushing out) one 
solution by the next one rather than by removing the previous one off the substrate and 
bringing in the next one, as is commonly done in the slider boat. Thus, the piston boat is 
useful for depositing smooth multilayer heterostructures at low temperatures. 

There is however one serious shortcoming of the piston boat design. As one solution pushes 
out the other, there is inevitable mixing of the two solutions where they meet during the short 
period of transfer. This causes a serious problem since the two solutions will generally 
contain different materials or dopants. For example, if a solution containing gallium and 
arsenic (designed to grow a GaAs layer) is displacing the one that contains aluminum, 
gallium and arsenic (designed to grow AlGaAs layer), then small amount of aluminum gets 
into the new solution and the subsequent grown layer will contain some aluminium. Thus, it 
becomes impossible to obtain a layer of GaAs with zero A1 content sandwiched between two 
layers of AlGaAs. This problem is encountered in synthesizing DH laser structure of 
AlGaAs/GaAs that may use GaAs as an active layer sandwiched between two AlGaAs layers. 
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and brought back to TIFR for further experimentation. Fig.2.6 (a) shows the photographs of 
this boat. Picture on left shows dismantled graphite boat parts whereas the one on the right 
shows the assembled boat. 



Dismantled boat Assembled boat 

Fig. 2.6(a) Photographs of the boat fabricated at Russia. 


Fig. 2.6 (b) shows schematic cross-section of this boat. As seen, it contains a solution tray, 
disposal bin for used solutions, piston and a substrate carrier that could be slid in and out of 
the entire body of the boat. The substrate carrier has a 15mm x 15mm x 0.5mm recess for 
placing the growth substrate. The gap between substrate surface and top graphite housing is 
about 0.7mm. This boat has a facility of using ten solutions, and the solution wells are 10mm 
x7mm xlOmin, separated by 3mm from one another. The corners of the rectangular wells are 



Fig. 2.6 (b) Schematic of the piston boat fabricated at A. F. Ioffe Institute, Russia 

rounded off to avoid sticking of the solution at sharp edges. Each well has volume of about 
0.7cm' , almost double than the boat made in TIFR. The movements of the solutions, piston 
and the substrate carrier are carried out using 2mm diameter molybdenum rods fitted to the 
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The furnace attains the set temperature in about 20minutes. Chromel-Alumel thermocouple is 
placed close to the heating coil and the output of the thennocouple is connected to Eurothenn 
control unit. This feedback is used to control the current in the coil to maintain the 
temperature at the set value within ± 2.0°C. The reactor is a 100cm long quartz tube of 50mm 
diameter and 3mm wall thickness. One end of the tube is narrowed down and connected to a 
40mm long, 10mm diameter tube for hydrogen gas inlet. The free end of the quartz tube is 
used for loading and unloading the graphite boat in the furnace. Movements of the piston, 
substrate holder and the solution tray are carried out externally using quartz or molybdenum 
rods. The free ends of these rods pass through the holes made in a stainless steel end cap that 
fits tightly on the free end of the quartz tube. The joints between glass and metal are sealed 
using ‘O’ shaped viton rubber rings. A water cooled jacket is used to cool these rings. The 
end cap has an outlet for passing out hydrogen gas that is connected to exhaust. The growth 
experiments are done using hydrogen gas supplied by Bombay Oxygen Limited. Although it 
is available in high purity IOLAR grade, we need to purify it further. Hydrogen gas from the 
cylinder bank is fed to the pre-purifier consisting of a column of molecular sieves, a deoxo 
unit followed by another column of molecular sieves as shown schematically in Fig. 2.7. The 
first column of molecular sieve dries the incoming hydrogen. The deoxo unit has pellets 
covered with finely divided platinum that acts as a catalyst and causes any oxygen present in 
hydrogen to react forming water vapor. The second column of molecular sieve removes this 
water vapor from the gas before it is fed to palladium diffused hydrogen purifier (Matheson 
model 8372). This unit consists of a palladium diffusion cell that is heated to ~400°C. The 
cell temperature is maintained using a temperature controller. Hydrogen gas diffuses through 
the cell where palladium membrane removes the impurities. The ultra pure gas is fed to the 
inlet of the reactor tube using stainless steel tube. A flow meter is connected in the gas inlet 
path. We use flow of about 150cc/minute during the growth experiments. A combination of a 
rotary and a sorption pump is used to evacuate the furnace tube and the purifier cell. The 
vacuum in the tube is released using pure hydrogen. A portable hand held hydrogen leak 
detector (Matheson gas products) is used to detect leaks (>5ppm) at various joints in the 
growth apparatus. 

In a typical growth experiment, after loading the substrate and the solutions, the reactor is 
purged with hydrogen gas for several hours. The purity of the gas is checked indirectly by 
first heating the graphite boat at about 900°C for several hours. There is no deposition on the 
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end cap fabricated for this boat. All the experiments of synthesizing multilayered 
heterostructures were done using this piston boat made in Russia. 
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layers of AlGaAs. This problem is encountered in synthesizing DH laser structure of 
AlGaAs/GaAs that may use GaAs as an active layer sandwiched between two AlGaAs layers. 
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A small amount of A1 will always be incorporated in the active GaAs layer. Also at the end of 
the growth experiment, all the used melts are collected in the disposal bin, get mixed and thus 
can not be reused again for subsequent growth experiments. 

2.6 Growth reactor used for LPE work 

Fig. 2.7 shows schematic of the LPE growth apparatus used in our laboratory. The growth 
reactor consists of a 50cm long, 10cm diameter, gold-coated transparent furnace that can be 
resistively heated to over 1000°C. It is capable of giving a constant temperature (± 2°C) over 
70% of the heating element length. The heating element (coil) is connected to Eurotherm 
Lilliput Thyristor unit (type 031), a temperature controller (type 093) and a programmer (type 
125). Using this equipment, the current in the coil is controlled accurately. 


Transparent GoW Furnace 



Fig. 2.7 Schematic of the LPE growth apparatus 
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(1) Liquidus data: gives the liquidus temperature (for a particular liquid-phase composition) 
at which on heating, the two phase (solid + liquid) mixture becomes a single phase (liquid). 
LPE growth normally occurs at or slightly below this liquidus temperature. 

(2) Soildus data: provides the information about the composition of the solid phase in 
equilibrium with the liquid phase at the liquidus temperature. 

It was necessary to establish the amounts of aluminum and arsenic to be added to liquid 
gallium solvent to saturate each solution at a specific temperature, and to achieve the desired 
aluminum content in layers to be incorporated in the heterostructure. We used the data 
calculated by Russian group as shown in Fig. 2.8. Typical amounts of GaAs and A1 used for 
the saturation of lgm gallium solvent at different growth temperatures are given in Table 2.1. 


Table 2.1 Solution compositions used for single GaAs and AlGaAs layers. 


Temp. 

T g (°C) 

GaAs 

GaAs(mg) 

Alo. 3 Gao. 7 As 
GaAs(mg) Al(mg) 

Alo. 6 Gao. 4 As 
GaAs(mg) Al(mg) 

700 

13.6 

9.7 

0.39 

5.5 

1.39 

650 

6.6 

4.7 

0.27 

2.7 

0.96 

600 

2.9 

2.1 

0.18 

1.2 

0.63 

550 

1.2 

0.8 

0.11 

0.5 

0.39 

500 

0.4 

0.3 

0.07 

0.2 

0.23 


In our growth experiments, the active layer consists of (Al)GaAs, GaAs x Pi_ x or GaAs x Sbi_ x 
and it is grown at about 650°C. Due to lack of GaAs-GaP (and GaAs-GaSb) phase diagram 
data at this growth temperature, we calculated solution compositions required to obtain 
GaAs x Pi- x and GaAs x Sbi_ x [for (1-x) ~ 0-0.1]. 

2.9.1] Phase diagram calculations for GaAs-GaP 

To compute the conditions for equilibrium between a ternary liquid solution of components 
A, B, C (Ga, As, P) and a quasi-binary solid solution AB-AC (GaAs-GaP), Stringfellow and 
Greene [44] derived the following equations: 

PT In YGaAs (X) RT In [4 X Ga X\ s (YGaYAs /YGa YAs )] F AS GaAs [T F GaAs-T] [1] 

RT In YcaP (1-X) = RT In [4 xcaV^GaV /Yg«V )] + AS F GaP [T F GaP - T] [2] 

where YoaAs and y Ga p are the activity coefficients of GaAs and GaP in the solid solution, X is 
the mole fraction of GaAs, X; 1 and y/ (i = Ga, As and P) are the atom fractions and activity 
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coefficients of components in the liquid solution, Yi ( i = Ga, As and P) are the activity 
coefficients of the stoichiometric liquid, AS F T F and T are respectively entropy of fusion, 
melting point (fusion temperature) and growth temperature. The activity coefficients YoaAs and 
YoaP in the solid solution are given by 

RT InYGaAs = PoaAs-GaP (1"X)“ 
and RT In YGaP = PcaAs-GaP (X) 2 

where PcaAs-GaP is the interaction parameter for GaAs-GaP system, and is given to be 1000 
cal/mole [45], T F Ga As = 1511 K, T F Ga p = 1738 K, AS F Ga As = 16.64 e.u. , AS F Ga p = 15.45 e.u. 
With R = 1.98 cal/mol. K, and for T = 650°C (923 K), equations 1 and 2 reduce to, 

X exp [0.55(1-X) 2 ] = 838 [x Ga ' x As ' (YGaW / YGa Sl YAs Sl )] [3] 

(1-X) exp [0.55(X) 2 ] = 3991 [x Ga 'xp 1 (yoaVp / Yoa V )] [4] 

In the stoichiometric liquid of Ga and As, XQa* = Xa s * = 0.5, and hence from above 
equations, YGa S * = Ya s s * = 0.6267. Similarly for, stoichiometric liquid of Ga and P, xca* = x P ' = 
0.5, and hence Yo a sl = Yp s * = 0.6847. The activity coefficients y’s in the solution are given as: 

RT In YGa O^Ga-As (XAs ) "P OCGa-P (Xp ) T [OCGa-As C^Ga-P " C4 As-p] Xp X \ s 

RT In YAs C^As-Ga (XGa ) "P OCas-P (Xp ) T I 0CAs-( ia OCas-P " OCGa-p] Xp X( ,a 

RT In Yp OCp-Ga (XGa ) OCp-As (XAs ) [Ctp-Ga CtP-As " C^Ga-As] XAs XGa 

where ajj are the interaction energies of the various binary systems. These are given by 

Antypas et. al. [45], 0CGa-As = 0CAs-Ga = -3.7 T cal/mole, OCGa-p = OCp-Ga = -3.0 T cal/mole, and 

0Cas-p = OCp-As = 2000 cal/mole. For T = 650°C (923 K), equations for y’s reduce to: 

In Yoa 1 = - 1-8691 (xas 1 ) 2 - 1.5152 (x P ') 2 - 4.4786 x P ‘ xas‘ 

In Yas' = - 1.8691 (xoa 1 ) 2 + 1 -0944 (xp 1 ) 2 - 0.7406 x P ‘ xoa 1 
In Yp' = - 1.5152 (xoa 1 ) 2 + 1.0944 (x^ 1 ) 2 - 1.4482 x^ 1 x G a‘ 

Binary phase diagrams for GaAs and GaP at 650°C give arsenic and phosphorus atom 
fractions in the solution as xa s * = 0.003 and xp 1 = 0.0002. Using these values in above set of 
equations, the estimated activity coefficients are: Yg^ = 0.9999, Yas* = 0.1561 and Yp* = 0.5875. 
Substituting these various values of (Yi 1 ) in equations 3 & 4, we obtain, 

X exp [0.55(1-X) 2 ] = 333 ( XGaV') [5] 

(1-X) exp [0.55(X) 2 ] = 5000 ( xoaV) [6] 
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Equations 5 and 6 together with the restriction, x G a’ + x As ' + x P * = 1 are solved and the results 
are shown in Fig. 2.9. It gives the calculated solidus-liquidus of P incorporation. As seen, the 



Fig. 2.9 Calculated solidus-liquidus of P incorporation 

amount of phosphorus required in the solution is too small to handle. Also, phosphorus in the 
GaP evaporates rapidly during homogenization of the growth solution. Hence, in the actual 
growth experiments, amount of GaP used is more than an order of magnitude larger than 
obtained from these calculations. 

2.9.2] Phase diagram calculations for GaAs-GaSb: 

M. Quillec et. al. [46] have computed GaAs-GaSb phase diagram over the whole range of x, 
0<x<l, and over a lower range of temperatures, 575-750°C. They have followed the 
formalism and the parameter values given by Nahory et. al. [47], except in some cases where 

the solidus interaction parameter PoaAs-GaSb was varied from 2750-4250 cal/mole. We have 
checked these calculations using similar equations as used for GaAs-GaP system described 
above. The equations used for the calculations are, 

X exp [1.5047(1-X) 2 ] = 2156 [( x^ 1 x A s‘ ) (YoaV )] [7] 

(1-X) exp [1.5047(X) 2 ] = 6.96 [( xoa'xsb 1 ) (YoaVsb')] [8] 

with (3 Ga As-GaSb = 2750 cahmole, T = 650°C (923 K), T F Ga As = 1511 K, T F GaSb = 985 K, 
AS F GaAs= 16.64 e.u., AS F GaS b = 12.3 e.u., R = 1.98 cal/mol.K. The equations for the activity 
coefficients for GaAs-GaSb system at T = 650°C (923 K) are: 
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In YGa 1 = - 1.8691 (xas 1 ) 2 - 0.2732 (xst, 1 ) 2 - 3.4551 x Sb ‘ xas 1 
In Yas‘ = - 1-8691 (x Ga ') 2 +1.3131 (xs^) 2 - 0.2822 xst 1 x Ga ‘ 
In Y sb 1 = - 0.2732 (xg , 1 ) 2 + 1.3131 (xas 1 ) 2 - 2.9091 x A s‘ x Ga ‘ 



Fig. 2.10 Calculated solidus-liquidus of Sb incorporation 


Binary phase diagrams for GaAs and GaSb at 650°C, give arsenic and antimony atom 
fraction in the solution as xa s * = 0.003 and xsb* = 0.2. This gives an estimate of the activity 
coefficients as, YGa 1== 0.9999, Yas 1 = 0.1561 and Ysb*= 0.77. Using these values we get, 

X exp [1.5047(1-X) 2 ] = 336 (xJxm') [9] 

(1-X) exp [1.5047(X) 2 ] = 5.36 (xjxgb') [10] 

Equations 9 and 10 together with the restriction, x Ga ' + x As ' + xsb* = 1, are solved and the 
results are shown in Fig. 2.10. It gives the calculated solidus-liquidus of Sb incorporation. 
Comparing figures 2.9 and 2.10, we see that for similar atom fraction of Sb (in GaAsSb) as of 
P (in GaAsP), the amount of GaSb required in the solution is about 100 times more than the 
amount of GaP. This is quite reasonable considering that the melting point of GaP (1465°C) 
is much larger than that of GaSb (710°C). 

2.10 Characterization techniques for epitaxial layers and heterostructures. 

Following techniques are used to characterize single layers and multilayer structures: 

2 . 10 . 1 ] Surface morphology and layer thic kn ess: Surface morphology of the single layer and 
the topmost layer in the multi-layer structure is at first examined using Nomarski interference 
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contrast optical microscope. Peculiar surface features are recorded using both optical 
microscope and scanning electron microscope (SEM). For measuring the thickness of the 
grown layer/layers, a small piece of the sample is cleaved. Chemical solution used for 
delineating the junctions is known as A-B etchant [48] and consists of [A] - dOc.c.FFO + 
0.3gm AgNC >3 + 40c.c.HF and [B] - 40gmCrO3 + dOc.c.FFO. Solutions A and B are stored in 
separate plastic squeeze bottles. The etchant is mixed by squeezing out equal parts of A and 
B into a plastic container just before use. The cleaved piece is dipped in the solution for few 
seconds, rinsed in water and then examined using optical and/or scanning electron 
microscope (SEM). 

2.10.2] Hall measurements: Electrical properties such as mobility, carrier concentration 
(doping density) and the carrier type, are detennined using Hall measurements. For this, a 
single layer of the desired material is grown on a semi-insulating GaAs substrate. Hall 
measurements are made using Van der Pauw technique [49]. In this method, specific 
resistivity and Hall effect of flat samples of arbitrary shape can be measured if the contacts 
are sufficiently small and located at the circumference of the sample. For this purpose, the 
sample is cut into a square plate of about 5x5 mm and four indium balls are alloyed at corners 
by heating in high purity hydrogen at ~ 400°C for one minute. Fig. 2.11 shows a typical 
sample with four contacts A, B, C and D alloyed on the epi side of the sample under test. 
Current is passed through one pair of contacts and the voltage is measured across the other. 
Thus, Rab, cd = [potential difference between C and D / current through A and B], Similarly 
R bc , da is measured with voltage measured across DA due to current passing through contacts 
B and C. We obtain Rab, cd = (Rab, cd + Rcd, ab) / 2 and Rbc,da = (Rbc, da + Rda, bc) / 2. 



Fig. 2.11 Van der Pauw geometry with four alloyed (In) contacts for Hall measurements 
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Specific resistivity of the sample is given by 

p = [red / In 2 ] [(R A b, cd + Rbc, da) / 2] f [R A b, cd / Rbc, da], where d is thickness of epi 
layer, and f is the geometrical correction factor which depends on the ratio R AB , cd / R B c, da 
(this ratio is always made greater than unity by keeping the larger of the two tenns in the 
numerator). For R ab , cd = Rbc, da, f is unity. For the ratio (R'ab, C d / Rbc, da) > 1, the 
correction factor f varies from 0.2 to 0.9 for ratio values ranging from 1000 to 3 respectively 
and its graphical form is given in the Van der Pauw article [49]. For reliable results, low ratio 
values 1 to 3 are desirable. 

Hall mobility is detennined by measuring the resistance R B d, ac and R A c, bd (obtained when 
current is passed through one pair of diagonally opposite contacts and voltage is measured 
across the other pair of contacts) with and without magnetic field B applied perpendicular to 
the sample. Hall mobility is obtained from the difference in the two readings with the field 
B and with B = 0. Thus, AR A c, bd = [Rac, bd (B) - R A c, bd (0)] and ARbd, ac = [Rbd, ac (B) - 
R bd , ac (0)]. The Hall voltage AV is measured in the magnetic field B of about 3 kilogauss. 
The carrier density and mobility are obtained by using the relations, n H = (1 / e p pn), where e 
is charge of electron, p is specific resistivity and ph = (d/B) [(AR A c, bd + AR B d, ac / 2 p]. 
Thus, from Hall measurements electrical parameters such as carrier density and mobility are 
obtained to ascertain the quality of the materials grown. The sign of the Hall voltage gives the 
carrier (n/p) type. 

2.10.3] ECV profile measurements: A multilayer structure consists of number of layers of 
different compositions, thickness and doping concentrations. It is desirable to know the 
carrier type and the profile as a function of thickness. For single layers, capacitance voltage 
[C-V] measurements are used [50]. For this, Au-Ge-Ni ohmic contact is deposited by vacuum 
evaporation and alloyed at the back of n+ GaAs substrate upon which the desired epi layer is 
already grown. Usually Au Schottky dot contacts of area ~10" cm are deposited on the 
sample surface. In this method, the reverse breakdown voltage of the Schottky diode decides 
the maximum depth of profiling. For the materials with very high carrier concentrations 
(>10 cm' ), the depletion layer is narrow and this method is not useful. This limitation is 
overcome by using an electrochemical etching system, in which the semiconductor- 
electrolyte interface behaves as a Schottky diode. This apparatus combines electrochemical 
etching and capacitance measurement with bias which gives doping concentration [51]. By 


30 



making use of a well-defined electrochemical dissolution reaction, the material can be 
profiled to any depth at a controlled and calculated rate. In this work, electrochemical C-V 
profiler (Bio-Rad PN4300) is used to measure the carrier profile in the device structures. Fig. 
2.12 shows the schematic diagram of electro-chemical cell used for these measurements. The 
cell body is made of ‘Teflon’ to avoid corrosion due to the chemicals used. The sample is 
mounted on a ‘O’ shaped rubber ring and pressed using the plunger. For AlGaAs/GaAs 
materials, NaOH: EDTA (ethylene diamine tetra acetate) solution is used for etching. 
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Fig. 2.12 The electrochemical cell 


A platinum electrode is used for C-V measurements, a carbon electrode is used to complete 
the circuit for etching and a saturated calomel electrode is used as a reference. The sample is 
etched by passing a current through it. While p-type samples could be etched without light, n- 
type samples require shining light to pass appreciable current. C-V measurement at each etch 
step gives the carrier concentration using the relation, n = [l/e£ 0 £ r A“] [C /dC/dV]. In this 
equation, e is the charge of electron, £ 0 is the permittivity of free space, £ r is the relative 
permittivity of the semiconductor, A is the effective contact area, and C is capacitance. 
dC/dV is obtained in the instrument by two measurements of capacitance at (i) zero bias and 
(ii) small reverse bias. The frequency of measurements is typically in 0.5-1.5 kH z range. This 
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contrast optical microscope. Peculiar surface features are recorded using both optical 
microscope and scanning electron microscope (SEM). For measuring the thickness of the 
grown layer/layers, a small piece of the sample is cleaved. Chemical solution used for 
delineating the junctions is known as A-B etchant [48] and consists of [A] - dOc.c.FFO + 
0.3gm AgNC >3 + 40c.c.HF and [B] - 40gmCrO3 + dOc.c.FFO. Solutions A and B are stored in 
separate plastic squeeze bottles. The etchant is mixed by squeezing out equal parts of A and 
B into a plastic container just before use. The cleaved piece is dipped in the solution for few 
seconds, rinsed in water and then examined using optical and/or scanning electron 
microscope (SEM). 

2.10.2] Hall measurements: Electrical properties such as mobility, carrier concentration 
(doping density) and the carrier type, are detennined using Hall measurements. For this, a 
single layer of the desired material is grown on a semi-insulating GaAs substrate. Hall 
measurements are made using Van der Pauw technique [49]. In this method, specific 
resistivity and Hall effect of flat samples of arbitrary shape can be measured if the contacts 
are sufficiently small and located at the circumference of the sample. For this purpose, the 
sample is cut into a square plate of about 5x5 mm and four indium balls are alloyed at corners 
by heating in high purity hydrogen at ~ 400°C for one minute. Fig. 2.11 shows a typical 
sample with four contacts A, B, C and D alloyed on the epi side of the sample under test. 
Current is passed through one pair of contacts and the voltage is measured across the other. 
Thus, Rab, cd = [potential difference between C and D / current through A and B], Similarly 
R bc , da is measured with voltage measured across DA due to current passing through contacts 
B and C. We obtain Rab, cd = (Rab, cd + Rcd, ab) / 2 and Rbc,da = (Rbc, da + Rda, bc) / 2. 



Fig. 2.11 Van der Pauw geometry with four alloyed (In) contacts for Hall measurements 
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Specific resistivity of the sample is given by 

p = [red / In 2 ] [(R A b, cd + Rbc, da) / 2] f [R A b, cd / Rbc, da], where d is thickness of epi 
layer, and f is the geometrical correction factor which depends on the ratio R AB , cd / R B c, da 
(this ratio is always made greater than unity by keeping the larger of the two tenns in the 
numerator). For R ab , cd = Rbc, da, f is unity. For the ratio (R'ab, C d / Rbc, da) > 1, the 
correction factor f varies from 0.2 to 0.9 for ratio values ranging from 1000 to 3 respectively 
and its graphical form is given in the Van der Pauw article [49]. For reliable results, low ratio 
values 1 to 3 are desirable. 

Hall mobility is detennined by measuring the resistance R B d, ac and R A c, bd (obtained when 
current is passed through one pair of diagonally opposite contacts and voltage is measured 
across the other pair of contacts) with and without magnetic field B applied perpendicular to 
the sample. Hall mobility is obtained from the difference in the two readings with the field 
B and with B = 0. Thus, AR A c, bd = [Rac, bd (B) - R A c, bd (0)] and ARbd, ac = [Rbd, ac (B) - 
R bd , ac (0)]. The Hall voltage AV is measured in the magnetic field B of about 3 kilogauss. 
The carrier density and mobility are obtained by using the relations, n H = (1 / e p pn), where e 
is charge of electron, p is specific resistivity and ph = (d/B) [(AR A c, bd + AR B d, ac / 2 p]. 
Thus, from Hall measurements electrical parameters such as carrier density and mobility are 
obtained to ascertain the quality of the materials grown. The sign of the Hall voltage gives the 
carrier (n/p) type. 

2.10.3] ECV profile measurements: A multilayer structure consists of number of layers of 
different compositions, thickness and doping concentrations. It is desirable to know the 
carrier type and the profile as a function of thickness. For single layers, capacitance voltage 
[C-V] measurements are used [50]. For this, Au-Ge-Ni ohmic contact is deposited by vacuum 
evaporation and alloyed at the back of n+ GaAs substrate upon which the desired epi layer is 
already grown. Usually Au Schottky dot contacts of area ~10" cm are deposited on the 
sample surface. In this method, the reverse breakdown voltage of the Schottky diode decides 
the maximum depth of profiling. For the materials with very high carrier concentrations 
(>10 cm' ), the depletion layer is narrow and this method is not useful. This limitation is 
overcome by using an electrochemical etching system, in which the semiconductor- 
electrolyte interface behaves as a Schottky diode. This apparatus combines electrochemical 
etching and capacitance measurement with bias which gives doping concentration [51]. By 
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various processes depicted in Fig. 2.13 give several spectral lines. In this case, band to band 
edge emission is generally not seen. However, high purity samples can provide free exciton 
emission. Compositions of Al x Gai_ x As can be obtained from low temperature PL plots using 
the relation, E g (x) = 1.515 + 1.247x (eV), for Al x Gai_ x As materials provided the sample 
gives free exciton luminescence. At room temperature, band to band process is dominant in 
the direct bandgap materials. For these, the compositions can be obtained using the relation, 
Eg (x) = 1.424 + 1.247x (eV). In case of indirect bandgap materials, band to band PL may be 
too weak to be observed. In such cases PL emission is significant if an impurity/defect is 
involved. In these cases, composition is generally obtained by x-ray diffraction. 

2.10.5] X-ray measurements: Measurement of lattice mismatch, strain and composition: In 
lattice matched materials such as GaAs/GaAs or nearly lattice matched AlGaAs/GaAs, 
several microns thick, smooth, dislocation free layers can be grown. Lattice parameter of 
GaAs is 5.6532A, and that of AlAs is 5.6612A. The lattice parameter of Al x Gai_ x As follows 
Vegard’s law, given as a A i X Gai-xA S = 5.6532 + 0.008 x. Even though these compositions are 

detector 

X 


goniometer 



Fig. 2.15 HR-XRD measurement set up 

closely lattice matched, one can get separate x-ray lines from different AlGaAs layers by 
using high-resolution x-ray diffraction. Measurement of the lattice mismatch is done using a 
high resolution X-ray diffractometer [Phillips X’PERT-MRD], Fig. 2.15 shows the schematic 
of the set up. In this instrument, the beam emerging from the X-ray tube is passed through 
4-reflection monochromator [Bartels type, four reflections, Ge (022)]. The monochromator 
provides Cu Koci x-ray beam [A, = 1.54A] of about 12-arcsec divergence in the scattering 
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plane. This beam is incident on the sample and the diffracted beam is detected using a 
detector. Most of the scans are recorded with 2° opening angle of the detector. HR-XRD plots 
are recorded using co-29 scans. Compositions of Al x Gai_ x As can be obtained by recording 
(004) diffraction scans (rocking curves) where separate peaks due to substrate (S) and layer 
(L) are recorded [Fig. 2.16]. 



Fig. 2.16 Rocking curve recorded using HR-XRD 


Using Bragg’s law: 

X = 2 d sin 9 for substrate and 

X = 2 (d + 5d) sin (0 + 5 0) for the layer 

where d is the spacing between layers and 9 is Bragg angle. The peak separation between 
layer and the substrate 5c0l, s is related to strain parameter (£j_) 

8 _l = | 8 d / d |i = 5col, s cot 0 . 

Lattice mismatch (f) is defined through elastic coefficients [55] using, 
f = p Ei where p = Cn / (Cn + 2 C 12 ) for epi layer grown on (001) GaAs. 

Ci 1 and C 12 are elastic coefficients for GaAs. 

For Ci 1 = 11.9 xlO 11 (dyn.cm' 2 ), C 12 = 5.38 xlO 11 (dyn.cm' 2 ), p = 0.525. Lattice mismatch is 
defined as f = Aa / a s . where Aa = | aj - a s |, ai and a s are lattice parameters of the layer and the 
substrate respectively. From experiment we obtain Aa = f a s such that composition [x] in 
Al x Gai_ x As is calculated using, x = Aa / (a A iAs - a Ga As), where aAiAs and a Ga As are lattice 
parameters of GaAs and AlAs respectively. 
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Next, we discuss briefly the heterostructures where the lattice parameter difference between 
the layer and the substrate (GaAs) is much larger than the case of GaAs and AlAs, as for 
example aGaAs = 5.6532A, ac a p = 5.4505A, and aGaSb = 6.0959A. Fig.2.17 shows schematic of 
lattice mismatched layers in which lattice constant of the layers (aL) is either (a) larger or 
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Fig. 2.17 Schematic of lattice mismatched layers 

(b) smaller than that of the substrate (as). As seen, at the interface, two materials try to 
accommodate each other by adjusting the in plane lattice spacing, but if the mismatch is too 
large, then the defects called misfit dislocations are generated. The dislocations generated at 
the interface do not remain confined to the interface. They climb along the glide planes and 
move from one plane to another and thus generate a network spread throughout the thickness 
of the mismatched epi layer. In this case, the surface morphology is no longer smooth and 
appears as a crosshatch of dislocation lines. For thick epi layers with mismatch, the misfit 
dislocation network in the sample relieves strain. However, the strain can be fully 
accommodated if the thickness of the layer is kept below a critical value (h c ) given by 
Matthews and Blakeslee relation [56], 

(h c ) = a 0 (l-o/4) [In (h c V2/a 0 ) + 1] / (2i/2) n f (l+o), 

where h c is the critical thickness, a 0 is the lattice constant of the substrate, o is the Poisson 
ratio, and [f = Aa / a s ] is the lattice mismatch between the epi layer and the substrate. If the 
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strain is accommodated then no dislocations are generated. In this case, the lattice parameter 
of the epitaxial layer in the direction parallel to the interface is forced to be equal to the lattice 
parameter of the substrate, but the lattice parameter perpendicular to the interface undergoes 
substantial change and depends on the strain. These aspects are considered in some detail 
next. 

Compressive strain: For epitaxial layer thinner than h c , if the lattice parameter of the layer 
material is larger than the substrate material as shown in Fig. 2.18 (a), then during growth, in 
plane (parallel) lattice parameter (an) gets adjusted with the substrate lattice parameter (a s ) by 
compression. Correspondingly, the out-of plane (perpendicular) lattice parameter (a±) gets 
elongated as seen in Fig. 2.18 (b). 


COMPRESSIVE STRAIN (a L >a s ) 
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Fig. 2.18 Schematic of a compressive strain (a) Lattice parameters of substrate and 
layer materials (b) Lattice structure of fully strained heterostructure. 


Tensile strain: Fig. 2.19 shows schematic of the case of a tensile strain for epi layer thinner 
than h c . In this case, the lattice parameter of the layer material is smaller than that of the 
substrate material. During growth, the parallel lattice parameter of the layer is forced to 
expand under a tensile strain and perpendicular lattice parameter shrinks. 
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Fig. 2.19 Schematic of a tensile strain (a) Lattice parameters of substrate and layer 
materials (b) Lattice structure of fully strained heterostructure. 

Such coherently strained layers discussed above are called pseudomorphic, since they take 
the morphology or form (in this case the lattice constant) of the substrate. The perpendicular 
(Ex) and parallel (E||) strain parameters are defined with respect to the substrate as [57], 

£ (ax - a su b) / a su b and £y (ay - a su b) / a su b 

where a su b is the substrate lattice parameter, ax and an are the out of plane and in plane lattice 
parameters for the strained layer, respectively. Thus, in fully strained case an = a su b and £y = 0. 

For heterostructures in which layer thickness is larger than (h c ), strain is partially relaxed by 
producing dislocations. In this case ay f a su b and £y f 0 and we need to determine both £y and 
Ex for the layer to characterize it fully. The mismatch ‘f ‘of layer with respect to the substrate 
is defined through elastic coefficients [Cy] as [55] 
f = p (£x - £y) + £y where for (001) GaAs substrate 
p = Cii/(C n +2Ci2). 

In order to get Ex (out of plane) and £y (in plane) strain parameters, it is necessary to measure 
several x-ray diffraction plots from symmetric reflections such as (004) and asymmetric 
reflections such as (115) and (026). 
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Fig. 2.20 (a) and (b) schematic of the reflection geometry. 

Figs. 2.20 (a) and (b) show schematic of the reflection geometries used in these 
measurements. As seen in Fig. 2.20 (a), in case of symmetric reflections such as (004), the 
reflecting planes of both the substrate and the layer are parallel to each other. In case of 
asymmetric reflections such as (115) and (026), the layer planes are inclined at an angle <f>, 
[Fig. 2.20 (b)], where is the angle between reflecting plane and the surface. In both cases, 
the XRD measurements give a rocking curve similar to one shown schematically in Fig. 2.16 
for ai > a s . The angular separation between the layer peak and substrate peak (ScOl,s) is now 
related to £_l and E \\ [58], as follows: 

5col, s = ki £j_ + k 2 £||, where 

ki = cos 2 tan 9 + (1/2) sin 2 <b, and 

ki = sin 2 tan 0 - (1/2) sin 2 

where 0 is the Bragg angle of substrate reflection and <h is the angle between the reflecting 
plane and the sample surface. The angle of incidence of the X-ray beam can be either (0 - <f>) 
for low incidence or (9 + d>) for high incidence. It is clear from equations for ki and k 2 that 
only asymmetric reflections with ^ 0 can yield information on the in plane strain of the 
strained layer. Equation for AcOl, s, linear in two strain parameters is used in a least square fit 
of the measured separations (AcOl, s) for several reflections to obtain £j_ and £n and their 
standard deviations. From the measured strain parameters, the lattice mismatch T is 
computed. This is used to compute the critical thickness (h c ) and the composition of the 
active layer material using, [X P S ] = Aa / (a Ga As - a Ga p) and [X sb S ] = Aa / (a GaAs - a GaSb ). 
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Fig. 2.19 Schematic of a tensile strain (a) Lattice parameters of substrate and layer 
materials (b) Lattice structure of fully strained heterostructure. 

Such coherently strained layers discussed above are called pseudomorphic, since they take 
the morphology or form (in this case the lattice constant) of the substrate. The perpendicular 
(Ex) and parallel (E||) strain parameters are defined with respect to the substrate as [57], 

£ (ax - a su b) / a su b and £y (ay - a su b) / a su b 

where a su b is the substrate lattice parameter, ax and an are the out of plane and in plane lattice 
parameters for the strained layer, respectively. Thus, in fully strained case an = a su b and £y = 0. 

For heterostructures in which layer thickness is larger than (h c ), strain is partially relaxed by 
producing dislocations. In this case ay f a su b and £y f 0 and we need to determine both £y and 
Ex for the layer to characterize it fully. The mismatch ‘f ‘of layer with respect to the substrate 
is defined through elastic coefficients [Cy] as [55] 
f = p (£x - £y) + £y where for (001) GaAs substrate 
p = Cii/(C n +2Ci2). 

In order to get Ex (out of plane) and £y (in plane) strain parameters, it is necessary to measure 
several x-ray diffraction plots from symmetric reflections such as (004) and asymmetric 
reflections such as (115) and (026). 
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followed by rapid thermal annealing completes the fabrication process. As the devices are 
isolated there is no need for cutting the individual chips. The devices are cleaved 
perpendicular to the stripes into the bars of 250pm to 1mm resonator length containing 
several individual devices of 100pm aperture. This process was used to fabricate all the laser 
structures. Procedure used to measure characteristics of laser diodes is described in chapter 4. 
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Chapter 3 

Growth experiments and materials characterization. 

3.1 Growth experiments: 


The main objective of our growth experiments was to synthesize separately confined 
heterostructures (SCH) for laser diodes based on AlGaAs/GaAs material system, using our 
apparatus. We wanted to grow thinnest possible layer reproducibly that can be used as the 
active layer of laser diodes. Further, we wanted to grow thin lattice mismatched active layers 
for varying wavelength of laser emission. In our design, a typical laser diode structure 
consists of eight layers on n -GaAs substrate. Fig. 3.1 shows schematic of the complete laser 
heterostructure consisting of line drawing of the undulations of the conduction band edge. 


n-Alo.6Gao.4As 


lower clad (2) 


n-Alo.3Gao.7As 


Buffer (1) 


n - GaAs substrate 


1.5pm 


upper clad (6) 
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0 . 2 pm 


4 -► 4 * 
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p + GaAs cap 
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Fig. 3.1 Schematic of the layers in AlGaAs/GaAs heterostructures 


Beginning with the substrate on the left, the structure is complete with a GaAs cap layer 
shown on the right. It is about 4pm thick and consists of layers of AlGaAs and GaAs 
deposited sequentially. Each layer is designed for a specific composition, doping and 
thickness. The layers are: 

1] n-doped buffer layer: n-Alo.3Gao.7As: Te 

2] n-doped lower cladding layer: n-Alo. 6 Gao. 4 As: Te 

3] undoped lower barrier layer: Alo. 3 Gao. 7 As 

4] active layer: GaAs, or AlGaAs (lattice matched) 

and GaAsP or GaAsSb (srained) 

5] undoped upper barrier layer: Alo. 3 Gao. 7 As 

6 ] p-doped upper cladding layer: p-Alo. 6 Gao. 4 As: Mg 

7 ] p-doped spacer layer: p-Alo.3Gao.7As: Mg 

8] p-doped cap layer: p-GaAs: Mg 
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The main problems to be solved in synthesizing this structure are 


We need to establish the temperature cycle i.e. the temperatures at which each layer will be 
grown. Since some layers such as the cladding layers, are quite thick (~lpm) whereas the 
active layer is thin (50-100nm), we need to detennine the temperature interval and the growth 
duration of each layer separately before attempting multilayers. Corresponding to the growth 
cycle, we need to establish the amounts of aluminum and arsenic to be added to liquid 
gallium solvent to saturate each solution at a specific temperature, so as to achieve the desired 
aluminum content in each of the above layers. Additionally, some layers are doped n-type, 
some are doped p-type, while some others are undoped. Hence, we also need to establish the 
background doping of undoped layers and the amount of particular dopant to be added to the 
solution to achieve a desired doping level in the epi layer. Growth of multilayer structures is 
done over a wide range of temperatures between 700-500°C. 

Observations of surface morphology, measurements of layer thickness, Hah mobility and 
carrier concentration was useful in detennining structural and electrical properties of the 
layers/structures. Electrochemical profiling technique was used to measure the doping 
profiles. Photoluminescence and x-ray diffraction plots were used for evaluating optical 
quality and lattice matching of various layers in the heterostructures. 

3.2 Growth experiments using graphite boat made at TIFR: 

3.2.1] Growth of single layers of undoped GaAs at various temperatures 

In these growth experiments, a semi-insulating GaAs substrate was used for the deposition of 
a single epitaxial layer. The substrate was first cleaned in organic solvents like methanol, 
acetone and trichloroethylene, rinsed in water and then etched in 5 H2O + 1 H2O2 + 1 H2SO4 
solution for five minutes. This removed about 5pm GaAs from surface. Etched substrate was 
dried under nitrogen jet and quickly loaded in the recess in the graphite boat and covered with 
top graphite housing. Solution containing lgm gallium and undoped GaAs pieces was placed 
in the first solution well. Amount of GaAs added to the solution varied with the saturation 
temperature (T s ) and it was calculated using the liquidus data available for GaAs [1]. Table 
3.1 shows details of the growth experiments done. 
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Table 3.1 - Single layers of undoped GaAs 


Sample 

Number 

Saturation 
temp. (°C)[T S ] 

Growth temp, 
range (°C)[T G ] 

GaAs 

(mg) 

Growth duration 
[minutes] 

94 HS 01 

760 

750-690 

35.7 

030 

95 HS 01 

710 

700-415 

19.7 

150 

94 HS 27 

700 

695-420 

14.7 

135 

95 HS 03 

610 

600-390 

04.1 

150 


After loading the substrate and the solution, the boat was placed in the furnace and purged 
overnight in pure hydrogen ambient. During the growth experiment, the furnace was heated 
rapidly above saturation temperature and held for 60minutes to ensure the homogenous 
mixing of GaAs pieces in the solution. Then the cooling program was commenced and the 
furnace was cooled at the rate ~2°C/minute. The growth solution was dropped in the empty 
space next to the piston at the starting growth temperature (T G ) which was typically 5-10°C 
below the saturation temperature. Using piston the solution was pushed onto the substrate to 
begin the growth. Solution cooling was continued and then the furnace was switched off at 
the end of the growth duration. The solution stayed on the substrate and cooled to room 
temperature. Apart from the first growth 94 HS 01 (Table 3.1), in which the cooling was done 
for 750°C to 690°C, the limit of ramp cooling in other cases was sufficiently low so that very 
little excess growth was expected during further cool down to room temperature. 


3.2.2] Growth of single layers of p-doped GaAs [cap layer] 

P-doped GaAs layer is required on top of the structure. Single p-GaAs layers were grown at 
different temperatures using the same procedure described above. For doping, small pieces of 
Ge, Zn or Mg were added to the growth solution. These pieces were degreased in hot organic 
solvents, rinsed in water, dried and weighed before adding to the growth solution. Zn was 
added in the form of ZnAs 2 without etching, whereas Ge and Mg pieces were etched in 
concentrated HC1. Table 3.2 shows details of the growth experiments and solution 
compositions used for one gm gallium solvent. 
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Table 3.2 - P-doping in GaAs using Ge, Zn or Mg 


Sample 

Number 

Saturation 

temp.(°C) 

Growth temp, 
range (°C) 

GaAs Dopant 
(mg) (mg) 

Growth duration 
[minutes] 

94 HS 14 

700 

690-430 

15.3 

1.0 (Ge) 

135 

94 HS 16 

690 

680-410 

14.8 

0.24 (Ge) 

135 

96 HS 07 

630 

620-410 

05.5 

0.17 (Mg) 

120 

95 HS 05 

610 

600-400 

04.7 

0.53 (Zn) 

150 


3.2.3] Growth of single layers of n and p-doped Al x Gai_ x As [x = 0.1-0.35] 


Materials with A1 atom fraction of ~0.3 are required as waveguide barrier layers. Amount of 
aluminum added to the growth solution was estimated using the known phase diagram as 
given in Chapter 2 for low growth temperatures (700-500°C) [2], Several single layers were 
grown using Sn, Te, Ge, Mg, and Zn dopants. Table 3.3 gives details of some of the growth 
experiments and the solution compositions used for lgm gallium. The saturation temperature 
of each solution (T s ) was about 10°C higher than the corresponding growth temperature (T G ). 


Table 3.3 

- Doping in Al x Gai. 

. x As [for x = 

0.3] 



Sample 

Growth temp. 

GaAs 

Aluminum 

Dopant 

Growth duration 

Number 

range(°C)[T G ] 

(mg) 

(mg) 

(mg) 

(minutes) 

95 HS 01 

700-415 

14.8 

_ 

none 

150 

94 HS 18 

650-620 

08.9 

0.3 

none 

015 

94 HS 04 

690-490 

12.6 

0.62 



94 HS 08 

695-480 

11.2 

0.45 



93 HS 24 

670-460 

10.0 

0.39 

0.48 (Te) 

110 

93 HS 25 

670-390 

11.5 

0.35 

0.34 (Te) 

120 

94 HS 09 

680-450 

10.5 

0.45 

4.38 (Ge) 

120 

94 HS 17 

650-425 

10.1 

0.32 

0.12 (Ge) 

120 

93 HS 26 

620-460 

05.7 

0.25 

0.54 (Mg) 

100 

95 HS 04 

620-410 

06.7 

0.60 

- 

135 

95 HS 06 

610-365 

06.0 

0.55 

2.0 (Zn) 

150 
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3.2.4] Attempts to synthesize multilayered structures: Before synthesizing the 
multilayered structure containing eight layers, we synthesized number of double 
heterostructures (DH) containing three layers viz. 

1] n-doped layer [n-Alo.3Gao.7As: Te] 

2] undoped active layer [GaAs] 

3] p-doped layer [p-Alo. 3 Gao. 7 As: Mg] 

Small pieces of Te doped GaAs were added in the solution for the growth of n-type layers, 
whereas tiny pieces of Mg were used for p-type layers. Table 3.4 gives solution compositions 
used for a typical DH structure. 


Table 3.4 - Solution compositions and growth schedule for synthesis of 
DH structure. [Solution: lgm gallium + GaAs + A1 + dopant] 


Layer 

grown 

Growth temp, 
range (°C) [T c ] 

GaAs 

(mg) 

A1 

(mg) 

Dopant 

(mg) 

Growth duration 
[minutes] 

n-Alo. 3 Gao. 7 As: Te 

700-600 

11.3 

0.3 

0.16 

52 

active layer: GaAs 

600 

03.8 

- 

- 

30 seconds 

p-Alo. 3 Gao. 7 As: Mg 

598-400 

15.5 

0.3 

0.63 

100 


In this growth experiment, n -GaAs substrate was placed in the recess in the boat and the 
solutions were put in the three wells of the graphite boat. After purging the reactor for several 
hours with hydrogen, it was then heated rapidly to ~725°C. This temperature was maintained 
for about one hour to allow complete dissolution of GaAs pieces, aluminum and dopant in the 
solutions. Then the cooling was commenced at the rate of ~2°C/minutc and it continued till 
the growth of the last layer. At about 700°C, first solution was moved and allowed to drop in 
the empty space next to piston. This solution was then forced into the narrow tunnel over the 
substrate surface. After fifty-two minutes of growth, the piston was pulled back and the 
second solution was dropped and forced over the substrate. This second solution displaced 
the first one that deposited n-AlGaAs layer. It was used to deposit active GaAs layer for 
thirty seconds and then displaced by the third solution prepared for the growth of p-AlGaAs. 
After the growth period of one hundred minutes, the furnace was switched off. Thus, three- 
layer structure was synthesized. We synthesized number of DH structures to check the 
reproducibility and repeatability of growth experiments. 
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3.3 Growth experiments using graphite boat made at Ioffe Institute, Russia. 

The graphite boat fabricated in Russia had a facility of using ten melts and each solution well 
had a capacity to hold maximum of 3.0gm solution. We decided to use 2.5gm gallium for 
each solution. The substrate recess could hold 15mm x 15mm x 0.4mm GaAs wafer and the 
graphite slider holding it could be pulled out of the last solution at the end of the growth 
experiment. With this, we could avoid the excess growth from last solution. We continued the 
work of multilayer structures using this boat and the following layers/structures were grown: 


3.3.1] Growths of single layers of undoped, Te and Mg doped GaAs, Al x Gai_ x As, (x = 0.3, 
0 .6) were done as above, for assessing the growth rate, composition, optical and electrical 
quality and the reproducibility of the layers. 


3.3.2] Growth of DH structures with active layer grown at 580°C for different growth 
durations. In this experiment, we synthesized a set of three structures containing five layers, 
[sample numbers 98hsl2-14 as listed in Table 3.5]. Except the first n-type (AlGaAs: Te) 
layer, all the other layers were undoped. The active layer in these structures was grown for 
~3, 10 and 20 seconds. Solution compositions used and the growth schedule followed were 
identical in all the three experiments. Typical compositions of the solutions using 2.5gm 
gallium are given in Table 3.5. This experiment was necessary to study the effect and extent 
of solution mixing, particularly in the active layers. 


Table 3.5 - Typical solution compositions and growth schedule for samples 98hsl2-14. 


Layer Saturation 

grown temp. (°C) 

Growth temp. GaAs Aluminum 
range (°C) (mg) (mg) 

Growth duration 
(minutes) 

n-Alo.6Gao.4As: Te 

700 

680-605 

14.3 

3.6 

45 

ud-Alo.3Gao.7As 

630 

605-580 

8.8 

0.6 

20 

undoped-GaAs 

600 

580 

7.3 

- 

3,10,20 sec. (*) 

ud-Alo.3Gao.7As 

630 

580-540 

8.5 

0.6 

20 

ud-Alo.6Gao.4As 

600 

540-480 

3.5 

0.7 

60 


(*) Growth duration: 98Hsl2 - 20 sec, 98HS13 - lOsec, 98HS14 - 03 sec. 


3.3.3] Growth of SCH laser structures. Several SCH structures with the active layer grown at 
650, 600 and 550°C were synthesized using this boat. For laser structure, the optimum 
temperature for the growth of active layer was found to be ~645°C. At this temperature, we 
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could grow 0.04-0. l|um thick layers in 5-20 seconds. We could complete the growth of the 
remaining laser structure between 645-450°C. Hence we decided to follow the same scheme 
in all the growth experiments for SCH lasers. 


Table 3.6 (a) gives a typical temperature/time schedule used for synthesizing SCH laser 
structure. Table 3.6 (b) gives the corresponding solution compositions used for growing the 
layers in the heterostructure. Each solution consists of - 2.5gm gallium + GaAs + A1 + dopant 
as required. Using this scheme, we synthesized number of SCH laser diode structures. 


Table 3.6 (a) Growth schedule for laser structure of eight layers. 


Layer 

grown 

Composition 
of the layer 

Growth temp.Growth duration Thickness 

interval [°C] [minutes] [pm] 

1] Buffer 

n-Alo. 3 Gao. 7 As: Te 

685-682 

03 

0.5 

2] Lower clad 

n-Alo. 6 Gao. 4 As: Te 

682-645 

55 

1.5 

3] Lower barrier 

undoped Alo. 3 Gao. 7 As 645-643 

05 

0.25 

4] Active 

undoped GaAs 

643 

0.05-0.50 

0.05-0.16 

5] Upper barrier 

undoped Alo. 3 Gao. 7 As 643-641 

05 

0.25 

6 ] Upper clad 

p-Alo. 6 Gao. 4 As: Mg 

641-560 

80 

1.1 

7] Spacer 

p-Alo. 3 Gao. 7 As: Mg 

560-540 

20 

0.2 

8 ] Cap 

p-GaAs: Mg 

540-480 

60 

0.45 


Table 3.6 (b) Typical solution compositions used for laser structure (each solution 
consists of - 2.5gm gallium + GaAs + A1 + dopant) 


Layer type/(composition) Solution composition 



GaAs (mg) 

A1 (mg) 

Dopant (mg) 

1] Buffer (n-Alo. 3 Gao. 7 As: Te) 

* 

24.6 

1.0 

Te (GaAs:Te) 

2] Lower clad (n-Alo. 6 Gao. 4 As: Te) 

12.0 * 

3.3 

Te (GaAs:Te) 

3] Lower barrier (undoped Alo. 3 Gao. 7 As) 

16.0 

0.9 

- 

4] Active (undoped GaAs) 

16.7 

- 

- 

5] Upper barrier (undoped Alo. 3 Gao. 7 As) 

16.0 

0.9 

- 

6] Upper clad (p-Alo. 6 Gao. 4 As: Mg) 

8.0 

2.6 

1.6 (Mg) 

7] Spacer (p-Alo. 3 Gao. 7 As: Mg) 

2.1 

0.3 

1.0 (Mg) 

8 ] Cap (p-GaAs: Mg) 

3.1 

- 

0.8 (Mg) 


* Te doped GaAs was used for saturating these solutions. In all other cases undoped GaAs 
was used for saturating growth solutions. 


In a typical run, after one hour of homogenization at about 720°C, cooling program was 
initiated to cool the reactor at about 0.5°C per minute. Solutions 1-8 were then brought in 
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contact with the substrate sequentially at the respective growth temperatures. The slider 
carrying the substrate was pulled out at the end of the growth of the last layer. The substrate 
was free from the growth solution with the deposition of the desired layers / structure. 

3.3.4] Growth of strained SCH laser structures. Lattice mismatch introduces strain in the 
active layer of a laser structure. This is achieved by changing the active layer material from 
GaAs or AlGaAs (no strain) to GaAs x Pi- x (tensile strain) or GaAs x Sbi_ x (compressive strain). 
For growing these layers, in addition to GaAs, we added GaP or GaSb in the solution used for 
the growth of active layer. For the synthesis of laser structures with phosphorus in the active 
layer, five structures were grown using the solutions with compositions given in Table 3.7(a). 
The active layer was grown at ~650°C for 20 seconds in each case. The amount of GaP added 
to the solution in our growth experiments is much more than required to incorporate a 
particular amount in the active layer. This was necessary to make up for the loss of 
phosphorus due to evaporation. 


Table 3.7(a). Solution compositions used for growth of active layer containing 
phosphorus in solution. 


Sample 

GaP 

Atom fractions of Ga, As and P in growth solution 

Number 

(mg) 

X Ca ' 

x As ' 

Xp 1 

00hsl4 

_ 

0.9963 

0.0037 

_ 


0.3 

0.9961 

0.0038 

8.1 x 10' 5 

OOhsll 

0.9 

0.9959 

0.0037 

2.5 x 10' 4 

00 hsl2 

1.7 

0.9957 

0.0037 

4.7 x 10' 4 

00hsl7 

2.9 

0.9954 

0.0037 

7.7 x 10' 4 

00hsl9 

4.0 

0.9952 

0.0037 

1.1 x 10' 3 


For the synthesis of laser structures with GaSb in the active layer, we followed the same 
scheme as described above, using solution compositions for the active layer deposition given 
in Table 3.7(b). In the initial experiments, the active layer was grown for 20seconds. 
However such structures gave very poor electroluminescence and the devices did not lase. 
Hence we decided to reduce the growth duration to 3-5seconds. We note that the amount of 
GaSb added to the solution in these experiments is about 1 OOtimes more than the amount of 
GaP. This is because the incorporation of antimony from the solution into the active layer is 
much smaller as compared to the incorporation of phosphorus. The calculated amounts are 
given in chapter 2. 
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Table 3.7(b). Solution compositions used for growth of active layer containing antimony. 


Sample 

GaSb 

Atom fractions of Ga, As and Sb in the solution 

Number 

(mg) 

Xc,' 

x As ' 

x Sb ' 

01hs25 

_ 

0.9968 

0.0032 

_ 

01hs26 

30 

0.9925 

0.0032 

0.44 x 10' 2 

01hs27 

95 

0.9832 

0.0032 

1.36 x 10' 2 

01hs39 

250 

0.9620 

0.0031 

3.49 x 10' 2 

01hs40 

400 

0.9266 

0.0029 

6.75 x 10' 2 


3.4 Results of characterization of the materials/heterostructures 

3.4.1] Surface morphology: The surface morphology of the as-grown single layers was 
observed and recorded using optical microscope. Fig. 3.2 shows the optical micrograph of 
the surface of undoped GaAs layer grown from the starting temperature of 650°C. 



Fig. 3.2 Surface morphology of GaAs layer Fie. 3.3 Layer with rippled surface 


The surface is smooth, shiny, and mirror like. In some layers, the appearance is shiny to the 
naked eye, but a rippled morphology typical of LPE growth is seen under the optical 
microscope. Fig. 3.3 shows a photograph of one such layer. Similar results are also obtained 
for AlGaAs epitaxial layers. However, we have observed unexpected morphological features 
when the dopants Ge, Te or Mg are added to the growth solution for growing GaAs or 
AlojGao.gAs layers. Typical features observed on the surfaces of these layers are shown in 
Fig.3.4-3.6. Ge doping produces rectangular pyramidal defects [Fig. 3.4], Te doping in 
Alo. 2 Gao. 8 As [Fig. 3.5] causes oblong elliptical patterns, while with Mg doping in 
Alo. 2 Gao. 8 As [Fig. 3.6], rectangular defects with cross-web like patterns are seen. In the case 
of Ge doping, we find from EDX (Energy Dispersive X-ray) measurements, the pyramid sites 
have excess Ge (nearly 80 atomic %). Some attempts were made to improve the surface 
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Table 3.7(b). Solution compositions used for growth of active layer containing antimony. 


Sample 

GaSb 

Atom fractions of Ga, As and Sb in the solution 

Number 

(mg) 

Xc,' 

x As ' 

x Sb ' 

01hs25 

_ 

0.9968 

0.0032 

_ 

01hs26 

30 

0.9925 

0.0032 

0.44 x 10' 2 

01hs27 

95 

0.9832 

0.0032 

1.36 x 10' 2 

01hs39 

250 

0.9620 

0.0031 

3.49 x 10' 2 

01hs40 

400 

0.9266 

0.0029 

6.75 x 10' 2 


3.4 Results of characterization of the materials/heterostructures 

3.4.1] Surface morphology: The surface morphology of the as-grown single layers was 
observed and recorded using optical microscope. Fig. 3.2 shows the optical micrograph of 
the surface of undoped GaAs layer grown from the starting temperature of 650°C. 



Fig. 3.2 Surface morphology of GaAs layer Fie. 3.3 Layer with rippled surface 


The surface is smooth, shiny, and mirror like. In some layers, the appearance is shiny to the 
naked eye, but a rippled morphology typical of LPE growth is seen under the optical 
microscope. Fig. 3.3 shows a photograph of one such layer. Similar results are also obtained 
for AlGaAs epitaxial layers. However, we have observed unexpected morphological features 
when the dopants Ge, Te or Mg are added to the growth solution for growing GaAs or 
AlojGao.gAs layers. Typical features observed on the surfaces of these layers are shown in 
Fig.3.4-3.6. Ge doping produces rectangular pyramidal defects [Fig. 3.4], Te doping in 
Alo. 2 Gao. 8 As [Fig. 3.5] causes oblong elliptical patterns, while with Mg doping in 
Alo. 2 Gao. 8 As [Fig. 3.6], rectangular defects with cross-web like patterns are seen. In the case 
of Ge doping, we find from EDX (Energy Dispersive X-ray) measurements, the pyramid sites 
have excess Ge (nearly 80 atomic %). Some attempts were made to improve the surface 


53 







3 . 4 . 2 ] Thickness of epi layers in the heterostructures: 


All the heterostructures were delineated for thickness measurements and stained using A-B 
etchant consisting of solution A-0.3gm AgNC >3 + 40ml HF + 40ml FFO and solution B-40gm 
CrC >3 + 40ml H 2 0. The layers in the heterostructure were observed using optical or scanning 
electron microscope (SEM). Fig. 3.7 shows two examples of cross-sections of DH structures 
recorded using an optical microscope. Junction line between the substrate and the layers is 
clearly seen in the photographs. The junction line is straight in the picture on left whereas the 



Fig. 3.7 Photographs of cross-section of two heterostructures 

line is wavy in the picture on right due to uneven starting surface on which layers are grown. 
In both pictures, lines of various epilayers above the junction line are rather faint and not seen 
clearly. Hence we need to use a scanning electron microscope (SEM) for recording thickness 
of various layers. Fig. 3.8 shows SEM photomicrograph of the cross-section of a 
heterostructure consisting of eight layers of AlGaAs/GaAs. The substrate and the buffer layer 
are on the right and the arrow at the center shows an active layer ~50nm. It is sandwiched 
between two barrier layers (Alo. 3 Gao. 7 As) that form a waveguide. Two thick n and p-clad 
layers of Alo. 6 Gao. 4 As are seen on either side of waveguide, a spacer layer (p-Alo. 3 Gao. 7 As) is 
seen next to p-clad layer and a cap p-GaAs layer is at the extreme left. 


55 



barrier & active layers 



1 |Lim 


Fig. 3.8 Photomicrograph of the cross-section of a heterostructure. 

3.4.3] Electrical measurements: 

(a) Undoped GaAs layers: Results of Hall measurements (viz. mobility and carrier density), 
layer thickness (t) of the samples and the solution compositions used for the growth of 
undoped layer are given in Table 3.8. These layers are grown from the solutions cooled to 

room temperature. The layers are n-type with carrier densities in the range of 1-5 x 10 cm' 

2 

with mobility ~ 5000cm /v.s. 


Table 3.8 - Results of undoped GaAs 


Sample 

T s 

T g 

Atom fractions 

(t) 

Carrier 

Mobility 

Number 

(°C) 

(°C) 

[Xca 1 ] [Xj] 

(fi m ) 

density (cm' 3 ) cm 2 /v.s 

94 HS 01 

760 

750 

0.9834 0.0166 

12.0 

1.8 x 10 16 

4116 

95 HS 01 

710 

700 

0.9909 0.0091 

6.4 

1.7 x 10 16 

5412 

94 HS 27 

700 

690 

0.9930 0.0069 

5.1 

4.8 x 10 16 

5280 

95 HS 03 

610 

600 

0.9981 0.0021 

1.5 

2.0 x 10 16 

5432 


Fig. 3.9 shows a semi-logarithmic graph between the thickness of the undoped GaAs layers 
listed in Table 3.8 versus 1000/T S where T s is the saturation temperature of each solution. We 
find that the growth thickness fits the relationship in the form S (T s ) = So e' A ' kT . In Fig. 3.9, 
we have also plotted the As atom fraction x*a s used to saturate the solution at the temperature 
T s . It is seen that the plots of x* As and S (T s ) follow each other very closely with A ~ 1 eV. 
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Fig. 3.9 Thickness of GaAs 


This behavior of the total thickness grown may be expected since the growth is controlled 
mainly by the diffusion of As in the solution to the growth front. The total amount of 
deposited As is therefore, proportional to the atom fraction of As in the solution. To get an 
estimate of the layer thickness, it is useful to calculate its upper limit d max which is deposited 
after a very long growth time. It depends only on solution height and the phase diagram if we 
assume that the solution area is equal to the substrate area. This situation is realized by means 
of the ‘thin solution’ technique used in our experiments, where all the material is grown over 
sufficiently long time. Thickness d max follows from the condition that the number of atoms in 
the solid is equal to the number of atoms precipitated from the liquid [7], 
d max = Q [ x (T s ) / N x (T s ) - x (T e ) / N x (T E )], 
with Ci = pi M s h /p s Ai, 

where h is the height of the solution, p s and M s are the density and molecular weight of GaAs, 
and pi and Ai are the density and molecular weight of gallium respectively. In the equation for 
d max , x (T s ) = x’as is the atom fraction of the solute viz. As, N x is atom fraction of solvent and 
N x (T s ) = 1 - x'as, T s is the saturation temperature and T E is the temperature at which the 
substrate is separated from the solution. For LPE, the condition of dilute solutions is fulfilled 
at low growth temperatures and with x*a s « 1 , maximum thickness is given by: 
d max = Ci [x (T s ) /N X (T S )] = Ci [ x'as / 1 - x' As ] ~ Ci x‘ As . 
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From the values of the total thickness obtained from our experiments, the height of the 
solution (h) which fits the experimental data is estimated to be about 0.35mm. Using this 
value of h and Xa s used for saturating the solutions, the calculated d max values are plotted in 
Fig. 3.9 to show the fit. By extrapolating this plot, we get an estimate of the thickness of 
GaAs layer grown at low temperatures. Thus, with saturation temperature of about 450°C, 
0.1pm thick GaAs layer could be grown from the solution cooled to room temperature. 
Although this information may be useful in certain growth schedules for thin layer growth, it 
does not fit into our scheme. 


(b) Doped GaAs layers: Results of the doped GaAs single layers are given in Table 3.9. 


Table 3.9 - Results of doping in GaAs using Ge, Zn or Mg 


Sample 


[Tel 


Carrier 

Mobility 

surface features 

Number 

Dopant 

range 

(t) 

density 

cm 2 /v.s 




(°C) 

[fim] 

(cm 3 ) 



94 HS 14 

Ge 

690-430 

6.9 

2 x 10 18 

52 

Ge Pyramids 

94 HS 16 

Ge 

680-410 

6.1 

3x 10 18 

32 

partially smooth 

96 HS 07 

Mg 

620-410 

2.2 

3 x 10 18 

97 

rectangular defects 

95 HS 05 

Zn 

600-400 

2.1 

3x 10 16 

193 

smooth 


p-type GaAs layer is required at the top of the heterostructure and is grown at temperatures 
below 600°C. Surface of Ge doped GaAs grown at about 690°C is very rough with pyramidal 
defects, although the layer is p-type with high doping density. At temperatures below 600°C, 
it is very difficult to obtain p-type material with smooth surface morphology. Hence we 
decided to avoid using Ge as a p-type dopant for GaAs cap layer. With Zn doping at low 
temperatures, we could obtain p-type material. However, we avoided using Zn, since the 
adjacent melts could get contaminated due to evaporation of Zn at elevated temperatures 
(700-750°C) used for initial homogenization of the solution in our growth experiments. Mg 
was found to give p-GaAs with small number of defects and hence we decided to use Mg 
doped p-GaAs at the top of the structure. 


(c) Undoped/doped AlGaAs layers: Table 3.10 shows typical results of our doping 
experiments in AlGaAs layers. We have used Sn and Te for n-doped layers and Ge, Zn and 
Mg for p-doped layers. The starting temperature at which the growth is initiated in each case 
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is also shown. Mobility and carrier concentrations are found using Hall measurements and the 
A1 mole fraction in the epi layer has been found by EDX measurements. 


Table 3.10 - Doping in Al x Gai x As 


Sample 

Growth Layer 

Carrier concn. 

Mobility 

Dopant atom A1 mole 

Number 

Temp. 

Thickness and (type) 

(It) 

fraction 

fraction(x) 


(°C) 

(t) (pm) 

(cm' ) 

(cm 2 /v.s) 

[X' D ] 

[by EDX] 


95 HS1 

700 

6.4 

1.8 x 10 16 (n) 

94 HS18 

650 

2.3 

6.5 x 10 15 (n) 

94 HS8 

695 

5.0 

2.6 x 10 17 (n) 

93 HS24 

670 

3.8 

1.5 x 10 19 (n) 

94 HS9 

690 

5.7 

4.5 x 10 17 (p) 

93 HS26 

620 

1.2 

3.7 x 10 18 (p) 

95 HS6 

610 

1.0 

1.5 x 10 17 (p) 


5492 

Undoped 

0.00 

2018 

Undoped 

0.24 

1721 

0.149 

(Sn) 0.11 

430 

2.4 x 10' 4 (Te) 0.20 

100 

4.5 x 10' 3 (Ge) 0.18 

55 

1.5 x 10' 3 (Mg) 0.19 

56 

3.7 x 10' 4 (Zn) 0.37 


16 3 

All the undoped layers are n type with somewhat high background carrier density ~10 cm' 
for GaAs as well as for AlGaAs. Among the dopants used, Te has the highest distribution 
coefficient giving about 10 cm' electron concentration for very small (-O.lrng) amount of 
Te in the solution. On the other hand, Sn dopant gives smooth surfaces but the distribution 
coefficient is smaller by two orders of magnitude, requiring large amount of Sn (~0.3gm) in 
the growth solution. Te required is very small to handle and hence we used Te doped GaAs 
pieces to saturate the growth solution. This gave us a very smooth surface with electron 
concentration ~10 cm' . These results were useful in preparing the solutions used in 
synthesizing heterostructures for lasers. 

3.4.4] ECV profiles: Electro-chemical voltage (ECV) measurements were done to record the 
carrier profile as a function of depth. Fig. 3.10 (a) shows a profile of a 6.5pm thick GaAs 




Depth from surface (pm) 

Fig. 3.10 (a) ECV profile of a GaAs layer 


Depth from surface (pm) 

Fig. 3.10 (b) ECV profile of a multilayer structure 
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single layer grown on semi-insulating substrate. The material is n-type represented by blue 
circles and the carrier density is almost unifonn over the entire thic kn ess. Fig. 3.10 (b) shows 
the profile of a typical laser structure [sample 00hsl7] in which total thickness of p type 
layers (top cap, spacer, upper clad) is about lpm, waveguide is about lpm and n type lower 
clad is 1.5pm thick. Red diamonds represent etching of p-layers and the carrier density is 
about 3-6 x 10 l7 cm' 3 . Waveguide layers are n-type (blue circles) with background carrier 
density ~3-5 x 10 cm". Lower clad layer is n-type (Te doped) and the profile shows a steady 
rise in carrier density. This sample could be etched upto depth of 2.7pm only due to the 
oxidation of the A1 containing surface. 

3.4.5] Optical measurements: We have carried out low temperature photoluminescence 
measurements, to assess the optical quality of these materials, using the set up described in 
Chapter 2. 

a) Single GaAs layers: We find very little PL signal from single layers of Te and Mg doped 
materials. Figs. 3.11(a)-(d) show PL spectra of number of GaAs and AlGaAs single layers. 
The PL spectral assignments are based on the similarities with the features found in the 
published literature [8-11]. Fig. 3.11(a) shows PL emission spectra of four GaAs samples 



1.40 1.44 1,48 1.52 1,56 

(a) ENERGY (eV) 

Fig. 3.11 (a) - PL spectra of four GaAs samples 
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with different dopants. The undoped sample [95 HS1: Table 3.8] shows a prominent 6meV 
wide peak at about 1.5leV and a broad band at about 1.49eV. Donor to valence band 
transition most likely causes the narrow peak, while the broad band appears to be donor- 
acceptor band. The background impurity responsible for these peaks appears to be 
predominantly silicon which gets incorporated in the solution to produce net electron 
concentration -10 cm" under the conditions prevailing in our reactor ambient. Doping the 
epi-layer with Sn enhances the electron concentration [94 HS 03], to about 6x10 cm' . The 
corresponding PL peak shifts to higher energy ~1.515eV and broadening increases to 
~1 ImeV. This could be due to impurity banding and band filling effects. Doping with Zn to 
-3 x 10 16 cm' 3 [95 HS 05: Table 3.9] produces a downward shift of the peak to 1.488eV, with 
a width of about 12.5meV. This peak results from the conduction band to Zn acceptor 
transition. Half width of this peak is considerably larger than expected at this acceptor doping 
concentration. As such, the PL peak could have contribution from donor to acceptor 
transition as well because the undoped material showed fairly large background donor 
concentration. A small peak is also seen at 1,454eV that could be LO phonon replica of the 
band (donor) to acceptor transition. Ge doping produces p-type material with rather heavy 
doping -5 x 10 18 cm' 3 [94 HS 16: Table 3.9] and gives a very broad band with FWHM ~ 
36meV. Donor-acceptor pairs, produced by Ge doping could cause this broad band. 

b) Single AlGaAs layers: Undoped Al x Gai_ x As layer with background density -6.5 x 10 cm' 
[94 HS 18: Table 3.10], shows a peak at 1.746eV with FWHM ~5meV [Fig. 3.11(b)]. 
Aluminum composition value x obtained from PL peak is -0.19, whereas the corresponding 



Fig. 3.11(b) PL spectra of undoped and 
Sn doped AlGaAs 



Fig. 3.11(c) PL spectra of undoped 
and Ge doped AlGaAs 
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nominal composition of this layer obtained from EDX is x~0.24, within the accuracy of our 
measurements. Since the peak is fairly sharp with small FWHM, it indicates grading is small 
in the material composition over the layer thickness of 2.3pm that is grown over a fairly wide 
temperature range starting from 650°C. Strength of the PL emission of this sample is the 
strongest, implying good optical quality material useful for devices. The emission peak at 
1.746eV is attributed to bound exciton transition involving Si impurity. There is also a weak 
and broad band at 1.73eV that could be a DA pair band. PL of two layers with similar A1 
content = 0.19, but one containing Sn [94 HS 04: Table 3.3] and the other Ge [94 HS 17: 
Table 3.3] are shown in Fig. 3.11 (b) and Fig. 3.11 (c) respectively. Sn doping giving n-type 
material with the carrier density = 5.6 x 10 cm" broadens the PL emission to about 7.5meV 
with the peak at 1.734eV. There is also a donor-acceptor (DA) pair band at 1.708eV that has 
a substantially larger intensity. Ge doping giving p-type material with carrier density = 2 x 
10 17 cm " 3 also produces a peak at 1.73eV similar to the acceptor related bound exciton 
transition. In addition, we see a 24meV broad band peaking at 1.68eV that seems to be 
related to band to acceptor or donor-acceptor transition. 

Fig. 3.11 (d) shows PL spectra of two layers containing nearly 36 % Al. The undoped layer 
with background carrier density = 3 x 10 15 cm " 3 [95 HS 04: Table 3.3] has half width 
somewhat broader ~ 8 meV. However, because of DX behavior of the donors of these alloy 



compositions, the measured electron density will be much smaller than the actual donor 
concentration [12]. Zn doping in Alo. 36 Gao. 64 As [95 HS 6 : Table 3.10] produces p-type 
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material with hole density = 1.5 x 10 cm" and a broad band at 1.962eV with half width 
~46meV. This broad band seems to have structure that is characteristic of deep level vibronic 
band involving multiphonon emission. 

c) Next, we present PL spectra of simple DH structures. Fig. 3.12 shows PL spectra of three 

samples that form the basic components of the complex heterostructure. These are: 

1) n + -GaAs substrate, 450pm thick, 2) undoped GaAs epi layer, 8 pm thick [no. 92 HS 07] 

and 3) the DH structure [sample no. 93 HS 27, Table 3.4], This DH structure is one of the 

trial structures grown to optimize solution compositions for desired A1 content in Al x Gai_ x As 

layers. This structure is grown using boat fabricated in TIFR and it consists of three layers 

deposited sequentially on n-GaAs substrate in the following order: 

Layer 1: n-Alo. 3 Gao. 7 As: Te doped, 2 pm, 

Layer 2: undoped GaAs: 0.2 pm and 
Layer 3: p-Alo. 3 Gao. 7 As: Ge, 2.5 pm. 



Wavelength (nm) 

Fig. 3.12 PL spectra of substrate, epi layer and DH structure 


PL signal from n-GaAs substrate shows low intensity broad peak centered at 830nm 
(1.493eV), whereas that from the epi layer shows two components: a high intensity sharp 
peak at ~820nm (1.5121eV) and a low intensity peak at ~835nm (1.485eV). PL signal from 
DH structure shows three well-resolved peaks from three layers: 1) A low intensity broad 
peak at ~625nm (1.984eV), from layer 1 deposited on n -GaAs substrate. A1 content 
corresponding to this peak is x~0.375, 2) High intensity, sharp peak at 670nm (1.85leV), 
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from layer 3 which gives A1 content x—0.275 and 3) Low intensity broad peak at 790nm 
(1.571eV) from the middle layer number 2. In case of layer 2, the peak is shifted from the 
GaAs peak position by about 80meV. This shift is possible due to: a) material composition b) 
small size effect and c) strain due to mismatch in the layers. Thickness of the active layer is 
about 0.2 pm and hence the shift due to size is ruled out. AlGaAs/GaAs is a well lattice 
matched material system and hence shift due to strain is also not possible. Therefore, the shift 
is attributed to changed material composition. This is possible, since in our growth scheme, 
small amount of A1 gets mixed during the action of solution number two displacing the 
solution number one for the growth of middle layer. From the PL peak position, the estimated 
layer composition is (x~0.04). Thus, the active layer in the DH structure is Al 0 . 04 Ga 0 . 96 As. 
This is a limitation of the piston boat and as we shall see, a small amount of A1 is always 
incorporated in all the active layers of the DH structures reported in this thesis. 

d) Structure consisting of five layers: This is a test structure synthesized using boat fabricated 

in Russia. It consists of five layers out of eight required for SCH laser diodes. The sequence 

of layers beginning from the substrate is [Table 3.5]: 

Layer 1: n-Alo.6Gao.4As: Te, 1.8 pin, 

Layer 2: undoped- Alo.3Gao.7As, -0.25 pm. 

Layer 3: undoped GaAs: 0.03-0.05 pm 
Layer 4: undoped- Alo.3Gao.7As, -0.25 pm. 

Layer 5: undoped- Alo. 6 Gao. 4 As, 1.0 pm. 

The active layer 3 is sandwiched between two barrier layers of Alo.3Gao.7As which forms a 



Wavelength(nm) 

Fig. 3.13 PL from the active layer of three heterostructures 


64 







with different dopants. The undoped sample [95 HS1: Table 3.8] shows a prominent 6meV 
wide peak at about 1.5leV and a broad band at about 1.49eV. Donor to valence band 
transition most likely causes the narrow peak, while the broad band appears to be donor- 
acceptor band. The background impurity responsible for these peaks appears to be 
predominantly silicon which gets incorporated in the solution to produce net electron 
concentration -10 cm" under the conditions prevailing in our reactor ambient. Doping the 
epi-layer with Sn enhances the electron concentration [94 HS 03], to about 6x10 cm' . The 
corresponding PL peak shifts to higher energy ~1.515eV and broadening increases to 
~1 ImeV. This could be due to impurity banding and band filling effects. Doping with Zn to 
-3 x 10 16 cm' 3 [95 HS 05: Table 3.9] produces a downward shift of the peak to 1.488eV, with 
a width of about 12.5meV. This peak results from the conduction band to Zn acceptor 
transition. Half width of this peak is considerably larger than expected at this acceptor doping 
concentration. As such, the PL peak could have contribution from donor to acceptor 
transition as well because the undoped material showed fairly large background donor 
concentration. A small peak is also seen at 1,454eV that could be LO phonon replica of the 
band (donor) to acceptor transition. Ge doping produces p-type material with rather heavy 
doping -5 x 10 18 cm' 3 [94 HS 16: Table 3.9] and gives a very broad band with FWHM ~ 
36meV. Donor-acceptor pairs, produced by Ge doping could cause this broad band. 

b) Single AlGaAs layers: Undoped Al x Gai_ x As layer with background density -6.5 x 10 cm' 
[94 HS 18: Table 3.10], shows a peak at 1.746eV with FWHM ~5meV [Fig. 3.11(b)]. 
Aluminum composition value x obtained from PL peak is -0.19, whereas the corresponding 



Fig. 3.11(b) PL spectra of undoped and 
Sn doped AlGaAs 



Fig. 3.11(c) PL spectra of undoped 
and Ge doped AlGaAs 
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simulated profile is reasonably close to the measured one. These plots show three distinct 
peaks: a narrow, high intensity peak due to GaAs substrate (S), preceded by two peaks on left 
(Li) due to the contribution from the buffer, barrier and spacer layers and (L 2 ) due to n and p- 
clad layers. Similar plots have been recorded for number of AlGaAs/GaAs heterostructures 
and they show similar features and three distinct peaks. Fig. 3.15 shows the plots obtained 
from the structures containing P in the active layer. As seen, three distinct peaks described 
above are seen clearly. In sample 00hs04, the peak on the right next to the substrate is not 
clearly resolved, but a shoulder is seen. However, in case of samples OOhsll, 00hsl2 and 
00hsl7, low intensity broad peak (L 3 ) is seen on the right indicating the formation of a layer 
containing ternary alloy GaAsi_ x P x . These samples also show a small peak on right next to 



-1000 -750 -500 -250 0 250 500 750 1000 

Omega / 2 Theta (arcsec) 

Fig. 3.15. XRD plots of P containing structures. 


and very close to the substrate peak indicating small amount of phosphorus present in the 
upper barrier layer. For 00hsl7, a simulation program used to fit the experimental plot 
indicates the incorporation of about 6.9% P in the active layer and about 2% P in the upper 
barrier. Using simulation programs for other plots, we have estimated the P content in the 
active layers of other samples also. 


Fig. 3.16 shows plots obtained from the structures containing Sb in the active layer. In sample 
01hs25 that does not contain any Sb, three peaks due to multilayers of AlGaAs and GaAs are 
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Fig. 3.16. XRD plots of Sb containing structures. 


seen. For samples containing small amount of Sb in the melt, (samples 01hs26 & 27), neither 
a shoulder nor a separate peak is seen and the diffraction plots are similar to 01hs25 and 
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Fig. 3.17 XRD plots from symmetric and asymmetric reflections 


hence not shown. However, in case of the sample containing rather large amount of Sb in the 
melt, (01hs39), we notice a low intensity peak (L 3 ) on the left, which corresponds to the 
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incorporation of Sb in the active layer. X-ray plot of sample (01hs40) containing largest 
amount of GaSb in the melt shows similar broad peak shifted further to the left. Simulations 
fitting the experimental plots for these two samples give us an estimation of Sb content in the 
active layers of 3.4 and 5.8% respectively. In order to estimate the strain incorporated in these 
structures, x-ray diffraction plots from symmetric (004) and asymmetric (115) and (026) 
reflections were recorded. We have carried out two sets of analysis of x-ray measurements. 
First we estimated the in-plane (ey) and out-of-plane (ey) strains in the active layer by 
measuring symmetric (004) and asymmetric (115) and (026) reflections. Fig. 3.17 shows one 
such plot for sample 00hsl7 containing one symmetric (004) and two asymmetric (115 and 
026) reflections. The separation between the substrate peak and the (L3) peak [AcOl, s] is 
analyzed to obtain the strain parameters. Table 3.11 lists the results of these measurements on 
four samples containing phosphorus and two samples containing antimony that gave peak 
(L 3 ) in x-ray measurements. We see that for all the samples, £y values are negligible within 
the error bars of the estimation, thus confirming that the active layers are fully strained with 
negligible in-plane strain. The critical thickness (h c ) for the estimated phosphorus and 
antimony content in these layers is also given in Table 3.11, as calculated using Matthews 
and Blakeslee relation [13]. The relation is: h c = a s (l-a/4) [In (h c V2/a s ) + 1] / (2^2) n f (1+a) 
where a s is the lattice constant of GaAs substrate, a is the Poisson ratio, and f = Aa / a s is 
lattice mismatch between the epi layer and the substrate. In all cases, the critical thickness is 
more than the measured layer thickness, consistent with the above observation of no 
measurable strain relaxation. 


Table 3.11 

- Results of XRD measurements 





Sample 

Strain 

Strain 


(%) 

thickness (nm) 

number 

£1 + Ae± 

£|| ± Ae,| 

Aa/a 

X S p/sb 

(d) 

[*](♦) 

h c 


(10 3 ) 

(10 3 ) 

(10 3 ) 

cal/sim(*) 

SEM 

x-ray 

Cal. 

* OOhsll 

2.67 ± .02 

0.15 ±.08 

1.46 

4.1 / 4.0 


110 

225 ±8 

* 00hsl2 

4.34 ±.04 

-0.13 ±.18 

2.19 

6.1 / 6.1 


100 

140 ±8 

* 00hsl7 

4.77 ±.04 

0.19 ± .25 

2.57 

7.2/7.2 


125 

117 ± 8 

* 00hsl9 

4.66 ±.03 

-0.18 ±.18 

2.34 

6.6/6.8 


100 

130 ±6 

# 01hs39 

4.52 ±.03 

0.05 ± .26 

2.38 

3.1 / 3.4 


055 

178 ±9 

# 01hs40 

8.28 ±.01 

0.30 ± .10 

4.45 

5.7/5.8 


035 

061 ± 1 


• Samples containing P, # Samples containing Sb. 

o o 

• (*) Cal value of [X P /sb] obtained from Aa/a listed above, simulated value of [X P /sb] 
obtained by simulation using PC-Epitaxy. 

• (♦) active layer thickness used in simulations. 
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After obtaining the composition of the active layer as above and nominal thickness values of 
various layers from the SEM micrographs, we carried out simulations of x-ray profiles of 
various samples using dynamical diffraction calculation, with the active layer considered 
fully strained and pseudomorphic. Simulated profiles fairly close to the measured profiles 
were obtained, with small adjustments of nominal parameters by trial and error. The active 
layer compositions (in %) obtained in this manner are listed in Table 3.11 along with the 
values calculated from Aa/a for comparison as outlined in Chapter 2. A close match is seen 
between the values obtained in two different ways of analyzing the x-ray data. 
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Chapter 4. 

Electro-optic characterization of heterostructures and laser diodes. 

In this chapter, we describe and analyze the results of electro-optic characterization of the 
heterostructures containing unstrained and strained active layers. The characterization 
consists of measurements of L-I characteristics of the laser diodes fabricated and estimation 
of the lasing threshold. Results of measurements of electroluminescence (EL) spectra below 
and above lasing threshold current are presented. Also presented is the comparison of P and 
Sb content in the strained active layer as obtained from XRD, EL measurements and 
corresponding phase diagram calculations. 

4.1 (L-I) - Light output-current characteristics of laser diodes: 

The laser devices under test are in the form of rectangular bars, shown schematically in Fig. 
4.1. As shown, top of the bar has three stripe contacts of 100-200|nm width made on the epi- 
side. These are isolated from one another during the fabrication process. Each stripe along 
with the bottom contact at the substrate forms a diode. 


Top stripe contacts 



Multiple 
epilayers 


TEun .////////////// / n 


Bottom contact 


1 2 3 



Fig. 4.1 Schematic of laser bar under test (left) and symbolic representation (right). 


Typical cavity length L of the laser diode ranges between 0.2-1mm and thickness ‘t’ is about 
0.1mm. Symbolic representation of these diodes is shown on the right. With this 
arrangement, all the devices on bar can be characterized without scribing them individually. 
The bar is mounted with substrate side in contact with a gold-coated stage. The contact to the 
top stripe is made using tiny gold probe mounted on a x-y-z movement. Light is emitted from 
the edge of the facet just below the stripe. In a typical measurement, a pulse generator [ILX- 
LDP 3840] is used to pass current pulses whose amplitude can be varied between 0-3A in 
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simulated profile is reasonably close to the measured one. These plots show three distinct 
peaks: a narrow, high intensity peak due to GaAs substrate (S), preceded by two peaks on left 
(Li) due to the contribution from the buffer, barrier and spacer layers and (L 2 ) due to n and p- 
clad layers. Similar plots have been recorded for number of AlGaAs/GaAs heterostructures 
and they show similar features and three distinct peaks. Fig. 3.15 shows the plots obtained 
from the structures containing P in the active layer. As seen, three distinct peaks described 
above are seen clearly. In sample 00hs04, the peak on the right next to the substrate is not 
clearly resolved, but a shoulder is seen. However, in case of samples OOhsll, 00hsl2 and 
00hsl7, low intensity broad peak (L 3 ) is seen on the right indicating the formation of a layer 
containing ternary alloy GaAsi_ x P x . These samples also show a small peak on right next to 



-1000 -750 -500 -250 0 250 500 750 1000 

Omega / 2 Theta (arcsec) 

Fig. 3.15. XRD plots of P containing structures. 


and very close to the substrate peak indicating small amount of phosphorus present in the 
upper barrier layer. For 00hsl7, a simulation program used to fit the experimental plot 
indicates the incorporation of about 6.9% P in the active layer and about 2% P in the upper 
barrier. Using simulation programs for other plots, we have estimated the P content in the 
active layers of other samples also. 


Fig. 3.16 shows plots obtained from the structures containing Sb in the active layer. In sample 
01hs25 that does not contain any Sb, three peaks due to multilayers of AlGaAs and GaAs are 
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Fig. 3.16. XRD plots of Sb containing structures. 


seen. For samples containing small amount of Sb in the melt, (samples 01hs26 & 27), neither 
a shoulder nor a separate peak is seen and the diffraction plots are similar to 01hs25 and 
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Fig. 3.17 XRD plots from symmetric and asymmetric reflections 


hence not shown. However, in case of the sample containing rather large amount of Sb in the 
melt, (01hs39), we notice a low intensity peak (L 3 ) on the left, which corresponds to the 
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incorporation of Sb in the active layer. X-ray plot of sample (01hs40) containing largest 
amount of GaSb in the melt shows similar broad peak shifted further to the left. Simulations 
fitting the experimental plots for these two samples give us an estimation of Sb content in the 
active layers of 3.4 and 5.8% respectively. In order to estimate the strain incorporated in these 
structures, x-ray diffraction plots from symmetric (004) and asymmetric (115) and (026) 
reflections were recorded. We have carried out two sets of analysis of x-ray measurements. 
First we estimated the in-plane (ey) and out-of-plane (ey) strains in the active layer by 
measuring symmetric (004) and asymmetric (115) and (026) reflections. Fig. 3.17 shows one 
such plot for sample 00hsl7 containing one symmetric (004) and two asymmetric (115 and 
026) reflections. The separation between the substrate peak and the (L3) peak [AcOl, s] is 
analyzed to obtain the strain parameters. Table 3.11 lists the results of these measurements on 
four samples containing phosphorus and two samples containing antimony that gave peak 
(L 3 ) in x-ray measurements. We see that for all the samples, £y values are negligible within 
the error bars of the estimation, thus confirming that the active layers are fully strained with 
negligible in-plane strain. The critical thickness (h c ) for the estimated phosphorus and 
antimony content in these layers is also given in Table 3.11, as calculated using Matthews 
and Blakeslee relation [13]. The relation is: h c = a s (l-a/4) [In (h c V2/a s ) + 1] / (2^2) n f (1+a) 
where a s is the lattice constant of GaAs substrate, a is the Poisson ratio, and f = Aa / a s is 
lattice mismatch between the epi layer and the substrate. In all cases, the critical thickness is 
more than the measured layer thickness, consistent with the above observation of no 
measurable strain relaxation. 


Table 3.11 

- Results of XRD measurements 





Sample 

Strain 

Strain 


(%) 

thickness (nm) 

number 

£1 + Ae± 

£|| ± Ae,| 

Aa/a 

X S p/sb 

(d) 

[*](♦) 

h c 


(10 3 ) 

(10 3 ) 

(10 3 ) 

cal/sim(*) 

SEM 

x-ray 

Cal. 

* OOhsll 

2.67 ± .02 

0.15 ±.08 

1.46 

4.1 / 4.0 


110 

225 ±8 

* 00hsl2 

4.34 ±.04 

-0.13 ±.18 

2.19 

6.1 / 6.1 


100 

140 ±8 

* 00hsl7 

4.77 ±.04 

0.19 ± .25 

2.57 

7.2/7.2 


125 

117 ± 8 

* 00hsl9 

4.66 ±.03 

-0.18 ±.18 

2.34 

6 .6/6.8 


100 

130 ±6 

# 01hs39 

4.52 ±.03 

0.05 ± .26 

2.38 

3.1 / 3.4 


055 

178 ±9 

# 01hs40 

8.28 ±.01 

0.30 ± .10 

4.45 

5.7/5.8 


035 

061 ± 1 


• Samples containing P, # Samples containing Sb. 

o o 

• (*) Cal value of [X P /sb] obtained from Aa/a listed above, simulated value of [X P /sb] 
obtained by simulation using PC-Epitaxy. 

• (♦) active layer thickness used in simulations. 
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After obtaining the composition of the active layer as above and nominal thickness values of 
various layers from the SEM micrographs, we carried out simulations of x-ray profiles of 
various samples using dynamical diffraction calculation, with the active layer considered 
fully strained and pseudomorphic. Simulated profiles fairly close to the measured profiles 
were obtained, with small adjustments of nominal parameters by trial and error. The active 
layer compositions (in %) obtained in this manner are listed in Table 3.11 along with the 
values calculated from Aa/a for comparison as outlined in Chapter 2. A close match is seen 
between the values obtained in two different ways of analyzing the x-ray data. 
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Chapter 4. 

Electro-optic characterization of heterostructures and laser diodes. 

In this chapter, we describe and analyze the results of electro-optic characterization of the 
heterostructures containing unstrained and strained active layers. The characterization 
consists of measurements of L-I characteristics of the laser diodes fabricated and estimation 
of the lasing threshold. Results of measurements of electroluminescence (EL) spectra below 
and above lasing threshold current are presented. Also presented is the comparison of P and 
Sb content in the strained active layer as obtained from XRD, EL measurements and 
corresponding phase diagram calculations. 

4.1 (L-I) - Light output-current characteristics of laser diodes: 

The laser devices under test are in the form of rectangular bars, shown schematically in Fig. 
4.1. As shown, top of the bar has three stripe contacts of 100-200|nm width made on the epi- 
side. These are isolated from one another during the fabrication process. Each stripe along 
with the bottom contact at the substrate forms a diode. 


Top stripe contacts 



Multiple 
epilayers 


TEun .////////////// / n 


Bottom contact 


1 2 3 



Fig. 4.1 Schematic of laser bar under test (left) and symbolic representation (right). 


Typical cavity length L of the laser diode ranges between 0.2-1mm and thickness ‘t’ is about 
0.1mm. Symbolic representation of these diodes is shown on the right. With this 
arrangement, all the devices on bar can be characterized without scribing them individually. 
The bar is mounted with substrate side in contact with a gold-coated stage. The contact to the 
top stripe is made using tiny gold probe mounted on a x-y-z movement. Light is emitted from 
the edge of the facet just below the stripe. In a typical measurement, a pulse generator [ILX- 
LDP 3840] is used to pass current pulses whose amplitude can be varied between 0-3A in 
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Eg 0 [x, y] = 1.424 + 1.247x + 1.15 y + 0.176 y 2 for Al x Gai. x Asi. y P y (3) 

Eg° [x, y] = 1.424 + 1.247 x - 1.9 y + 1.2 y 2 for Al x Gai. x Asi. y Sb y . (4) 

We have used these equations with x = 0.025 for the estimation of the compositions (y) in the 
active layer. The results are shown in Table 4.6. 


Table 4.6 Results of P/Sb content of active layers 


Sample 

Number 

E 0 
(eV) 

X S p/sb (%) 
(laser) 

X s P /sb (x-ray) [%] 
calculated/simulated 

00hsl4 

_ 

_ 

_ 

* 00hs04 

- 

2.9 ($) 

- 

* OOhsll 

1.5032 

4.2 ($) 

4.1 / 4.0 

* 00hsl2 

1.5296 

6.5 ($) 

6.1 / 6.1 

* 00hsl7 

1.5758 

7.3 (&) 

7.2/7.2 

* 00hsl9 

1.5454 

6.8 (@) 

6.6/6.8 

01hs25 

- 

- 

- 

# 01hs26 

- 

0.3 ($) 

- 

# 01hs27 

- 

1.6 ($) 

- 

# 01hs39 

1.3942 

3.3 ($) 

3.1 / 3.4 

# 01hs40 

1.3499 

5.7 ($) 

5.7/5.8 


* Active layer containing P, # Active layer containing Sb. 

$ Calculated assuming A1 content 2.5%. 

(&) Calculated assuming A1 content 5.5%. 

(@) Calculated assuming A1 content 3.5%. 

Also listed are the P/Sb atom fractions in solid obtained from x-ray measurements and 
simulations. We see that there is general agreement between the compositions determined by 
different methods and the values lie within the spread envisaged in the A1 content. Further, 
from comparison it is possible to state that the A1 content in most of the active layers is about 
2.5 %. For the samples 00hsl7 and 00hsl9, the agreement with the x-ray detennined P 
content in the active layers is obtained if we assume the A1 content to be 5.5 % and 3.5 % 
respectively. Thus, we have established a correspondence between P and Sb incorporated in 
strained layer as obtained from XRD and electroluminescence measurements. Next, we shall 
examine the correspondence with the values obtained using phase diagram calculations. 


4.6 Comparison of experimental and calculated incorporation of P/Sb in the active layer 

In Chapter 2, we have calculated the incorporation of P in GaAs x Pi_ x layer and Sb in 
GaAs x Sbi_ x layer from the corresponding solutions at 650°C. To recapitulate, the P 
incorporation equations corresponding to a solution containing Ga, As and P are obtained as 


78 








X exp [0.55(1-X) 2 ] = 333 ( xo^XAs^and 
(1-X) exp [0.55(X) 2 ] = 5000 ( x Ga V) 

which gives x in GaAs x Pi_ x with the restriction XQa* + xa s * + xp 1 =1. 

Similarly, the Sb incorporation equations corresponding to a solution containing Ga, As and 
Sb are obtained as 

X exp [1.5047(1-X) 2 ] = 336 (xoa'xAs 1 ) and 
(1-X) exp [1.5047(X) 2 ] = 5.36 (xoa'xsb') 

which again gives x in GaAs x Sbi_ x with the restriction XQa* + x A s* + xst, 1 =1. 

Results of these calculations are given in Figs. 4.6.and 4.7. 



phosphorus in liquid (x'p) 

P incorporation in the active layer 


Fig. 4.6 Phosphorus incorporation in the active layer. 

Also shown in these figures are the experimental values obtained from x-ray measurements 
as well as from lasing wavelength measurements. As seen, the experimental results show 
much less P incorporation as compared to the calculated values. This is expected since 
considerable phosphorus is lost during the solution homogenization at elevated temperatures 
above 720°C. The agreement between the calculated Sb incorporation and the experimental 
values is close upto about x'sb = 0.02. At higher Sb content, the experimental Sb content 
values are significantly less than expected from calculations. The Sb incorporation is about 
half as much as expected for x*sb = 0.06. We consider the possible reason for this behavior in 
next section. 
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Antimony in liquid [x'gb] 

Sb incorporation in active layer 


Fig. 4.7 Antimony incorporation in the active layer. 


4.7 Effect of strain on growth process 

Considering the causes for the lesser amount of Sb in the epi than expected from calculations, 
one possible reason could be strain in the epi layer. Strain is kn own to influence the 
fundamental growth process. Bugge and coworkers [5] showed that in the case of MOVPE 
growth of strained InGaAs/GaAs, the incorporation of indium in highly strained InGaAs 
layer is less than that in the relaxed InGaAs layer. Similar observation was reported regarding 
the incorporation of As in InAsP grown on InP by MBE [6] as well as MOVPE [7], Thus we 
observe that reduced incorporation co-efficient is a fairly universal feature of strained epi- 
layer growth independent of the growth technique. Reduced incorporation is seen particularly 
for the component responsible for producing the strain, e.g. indium in InGaAs grown on 
GaAs, As in InAsP on InP and in the present case Sb in GaAsSb on GaAs, and is thus 
independent of the material system. There are reports in the LPE literature [8-9] incorporating 
the effect of strain on the phase diagram. This aspect thus has a broader significance and 
requires further investigation. 
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Chapter 5 

Summary and scope for further work 

5.1 Summary 

During the ‘Investigations of multilayered III-V compound structures grown by liquid phase 
epitaxy’, we have synthesized number of GaAs/AlGaAs based heterostructures on GaAs 
substrates. All the growth experiments were done at low temperatures in the 700°C-500°C 
range using piston boat. Attempts were made to grow ultrathin active layers. 
Compressive/tensile strain was incorporated in the active layer by using 
antimony/phosphorus respectively. Thickness of the active layer was adjusted to obtain 
pseudomorphic, dislocation free layers for lasers. Strained/non strained heterostructures have 
been characterized using HR-XRD measurements. Strained layer lasers emitting in 800- 
900nm wavelength range have been obtained. Salient features and achievements of this work 
are as follows: 

(i) Piston boat is found suitable for low temperature [700°C-500°C] liquid phase epitaxy 
and useful for synthesizing device quality heterostructures with undoped, n type (Te), 
p type (Mg) AlGaAs and GaAs multilayered structures. 

(ii) Thin epitaxial layers (about 50nm thick), for the active layer of laser diodes can be 
synthesized reproducibly using low temperature LPE. 

(iii) Fully strained, defect-free, thin pesudomorphic layers such as GaAsP and GaAsSb 
can be synthesized on GaAs substrates using LPE. These layers are of device quality 
and can be used for the active region of strained-layer laser diodes. 

(iv) A disadvantage of piston boat is an unavoidable mixing of successive solutions with 
the preceding ones. About 3-7% A1 is incorporated in GaAs grown from a solution 
that displaces the solution used for growing Alo. 3 Gao. 7 As layer. This has to be taken 
into account in the design of a layer, particularly the active layer. 
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(v) Emission wavelength of laser diode fabricated from such heterostructure with GaAs 
active layer is in 820-850nm range. This variation is due to aluminium incorporation 
in the active layer because of solution mixing. 

(vi) Incorporation of P produces tensile strain whereas compressive strain is produced by 
incorporation of Sb. The incorporation of P/Sb changes the active layer material band 
gap from that of GaAs and hence different emission wavelengths can be obtained. 
Thus, with P incorporation lasers emitting at 795, 818, 830 and 833nm are obtained 
whereas with Sb incorporation, lasers emitting at 855, 870, 880 and 900nm are 
obtained. It is shown by x-ray measurements that the layers are pseudomorphically 
strained. 

5.2 Scope for further work 

(i) LPE method is simple, relatively inexpensive and good for experimenting with new 
material systems. However, whether it is suitable for scaling up for industrial 
production of laser diodes emitting in 650-1600nm range remains to be established. 

(ii) The thinnest layers grown reproducibly during this work are in 40-50nm range. It 
seems desirable to (a) automate the movements of the solutions and (b) improve the 
saturation/growth temperature control to establish growth of thinner layer (~10nm) 
reproducibly. Another aspect would be to incorporate such layers in devices and 
compare their performance with the devices synthesized using MBE and OMVPE. 

(iii) We have demonstrated the growth of device quality pseudomorphic strained layers by 
LPE using anions such as P and Sb in the active layer. A straightforward extension of 
this work will be to incorporate cation such as indium by growing InGaAs as active 
layer. It will also be interesting to check out the effect of strain on the In incorporation 
in the epi layer grown by LPE. 

(iv) This work can be extended using GaAs and other substrates, such as InP and GaSb, 
and with active layer of a variety of other alloys such as InGaP, InGaAs, InGaAsP, 
AlGaAsSb, and InGaAsSb to obtain lasers emitting in 650-1600nm range. 
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This thesis describes investigations of multilayered III-V compound semiconductor structures 
grown by liquid phase epitaxy, using aluminium gallium arsenide and gallium arsenide 
materials. The investigations include synthesis of strained / non-strained heterostructures for 
semiconductor lasers, characterization of the structures and fabrication of laser diodes in 800- 
900 mn wavelength range. Beginning with an introduction to the subject and experimental 
techniques, we describe the new findings of the present work and indicate further possibilities 
using these investigations. 

A perfect crystalline inorganic bulk semiconductor has a band of electronic states completely 
filled at absolute zero temperature (termed as valence band), separated from another 
completely empty band of electronic states (termed as conduction band) by a region of 
forbidden energy. At absolute zero temperature, this ideal intrinsic semiconductor is a perfect 
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insulator. At higher temperatures, a few electrons from the valence band acquire sufficient 
thennal energy and are excited across the forbidden energy gap to partially fill the electronic 
states in the conduction band and leave empty states in the valence band. Both the electrons 
in the partially filled conduction band and the positively charged empty states (termed as 
holes) in the valence band contribute to electrical conduction in semiconductors. The 
conductivity of an intrinsic semiconductor can be altered and enhanced by doping with 
appropriate impurities which are either electron donors making it n type or electron acceptors 
making it p type. 

Depending on the nature of constituent atoms and the crystal structure, electronic energy 
depends on momentum in a complex way. There are maxima and minima in energy along 
specific directions in the momentum space. The energy separation between the lowest 
conduction band minimum and the highest valence band maximum is termed as the 
fundamental energy gap or simply the band gap of the material. Examples of the inorganic 
bulk semiconductors, with different energy gaps are: (i) elemental semiconductors in which 
only group IV elements are assembled in a diamond lattice structure, viz. Si: 1.12 eV, Ge: 
0.67 eV, and (ii) compound semiconductors constituting group III and group V elements of 
the periodic table having zinc blende or hexagonal lattice structure, viz. GaN: 3.36 eV, GaP: 
2.1 eV, GaAs: 1.42 eV, GaSb: 0.7 eV, InP: 1.35 eV. InAs: 0.36 eV, and InSb: 0.17 eV. 

If the conduction band minimum (CBM) and the valence band maximum (VBM) occur at the 
same momentum, the semiconductor is called direct gap and if the CBM and VBM occur at 
different points in the momentum space, the semiconductor is called indirect. The 
fundamental band gap of elemental semiconductors such as Si and Ge is indirect. In these, the 
absorption coefficient near the band edge energy is relatively low and correspondingly they 
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are poor light emitters. On the other hand, several compound semiconductors (although not 
ah) such as GaAs, InP and GaSb have direct fundamental energy gap. They have high 
absorption coefficients near the band edge energy and are also efficient light emitters. These 
compounds can be combined or alloyed using one or more group III elements with one or 
more group V elements to form mixed crystals such as AlGaAs, AlGaAsP, InGaAs, InGaP, 
InGaAsP, GaAsSb, AlGaAsSb etc. Band gap of each ahoy varies with the composition and 
hence these materials are useful for synthesizing light emitting diodes and lasers over an 
extended wavelength range 650-1600 nm. These ternary and quaternary compounds are 
typically used in the form of thin epitaxial films deposited on GaAs, InP or GaSb substrates. 

Epitaxial deposition is carried out using techniques such as liquid phase epitaxy (LPE), 
organometallic vapour phase epitaxy (OMVPE) or molecular beam epitaxy (MBE). Highly 
perfect epitaxial growth, free from structural defects, is essential for device quality material. 
Growth of epitaxial layers of high perfection poses certain restrictions on the lattice 
parameters of the layer with respect to the lattice parameter of the substrate. The lattice 
parameter of the layer depends on the composition. For thick epitaxial layer growth, it is 
essential that the lattice parameter of the layer is identical to that of the substrate. If the lattice 
matching is not perfect, defects such as misfit dislocations are produced which deteriorate the 
material properties. So, for a required band gap, composition has to be generally chosen with 
the lattice parameter same as the substrate. This rigid restriction of lattice matching however 
can be violated in very thin epi-layers for which the strain-thickness product is less than a 
critical value. Such layers are known as pseudomorphic strained epi-layers and contain no 
defects. These epi-layers have proved beneficial in optoelectronic and high frequency devices 
since the built-in strain alters the bandgap and the bandstructure of the material. 
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Semiconductor laser diodes have evolved from the original homojunction p-n diodes to 
double heterostructure (DH) lasers to quantum well (QW) lasers. A present day laser diode 
has typically five functional layers: two cladding layers each about one micrometer thick, one 
of which is n-type and the other p-type and have the largest band gap in the laser structure. 
The cladding layers flank two 0.1-0.2 micrometer thick, undoped barrier layers of smaller 
band gap. The relatively low refractive index cladding layers with the higher refractive index 
barrier layers together form a waveguide in which the generated light is confined and guided. 
A very thin active layer of smallest band gap is embedded between the barrier layers and is 
located at the center of the structure. Light is generated by the recombination of the injected 
electrons and holes in the active layer. Apart from these layers there will be a heavily doped n 
type buffer layer right above the (n+ type) conducting substrate and a contact layer of p type 
conductivity at the top. Thus, a semiconductor laser requires a sequential deposition of 
several thin layers of III-V compound semiconductors and their alloys with well controlled 
thickness, composition and doping. 

Historically, AlGaAs/GaAs lasers were the earliest to be synthesized and studied extensively 
due to excellent lattice matching between AlAs and GaAs. The active GaAs layer in these 
lasers was usually 100-200 nm thick, and the emission wavelength was centered at about 870 
nm. Emission wavelength can be altered by varying composition of the active layer, say by 
introducing aluminum. In the next series of developments, the thickness of GaAs active layer 
was reduced to < 10 nm. Such thin active layer together with adjacent barrier layers forms a 
quantum well (QW) in which electrons and holes are confined and energy levels are 
quantized. As a result, the effective band gap of the active layer (and the emission 
wavelength of QW laser) changes with the width of the quantum well. Laser wavelength 
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changes if there is a strain in the active layer. Strain can be introduced by using a 
temary/quaternary alloy as the active layer with lattice parameter different from the substrate. 
As expected, the band gap of the active layer depends on the alloy composition. Additionally, 
strain further alters the band gap. As remarked earlier, the strain can be accommodated 
without producing defects if the layer thickness is kept below a critical value. Quantum well 
lasers and strained layer lasers generally employ extremely thin active layers (-10 nm) grown 
by OMVPE and MBE. It is very difficult to grow very thin strained layers using liquid phase 
epitaxy. This thesis describes our efforts in synthesizing pseudomorphic strained layers (—50 
nm thick) of GaAsP and GaAsSb in AlGaAs/GaAs hetero structures to yield lasers emitting in 
800-900 nm range. 

This thesis consists of five chapters. We shall describe briefly the salient features of the 
topics covered in each chapter below. 

Chapter 1 is an introduction to semiconductor heterostructures describing briefly: 

(i) materials used and their characteristics, (ii) historical aspects and development of 
homojunction and heterojunction lasers, improvements due to double heterostructure, (iii) use 
of lattice matched / strained heterostructures in light emitters and detectors and (iv) 
motivation for this work, viz. ‘Investigation of multilayer AlGaAs/GaAs laser diode 
structures containing extremely thin strained / non-strained active layers.’ 

In Chapter 2, we shall describe the experimental techniques used in the course of this work: 
(i) synthesis of single layers and multilayer heterostructures (ii) characterization of 
heterostructures (iii) fabrication of laser diodes and characterization of devices. A brief 
outline of these topics follows. 

(i) In this work, synthesis has been done using low-temperature liquid phase epitaxy over a 
temperature range 700°-400°C. Since long time, LPE has been used for synthesis of structures 
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used for fabrication of laser diodes. Most of the early LPE growth experiments of 
AlGaAs/GaAs materials using multibin slider graphite boats were done at temperatures above 
800°C. At these temperatures, growth rates are typically 1-1.5 pm/minutc for GaAs and it is 
difficult to grow very thin layers controllably. Hence it is necessary to reduce the growth 
temperature considerably in the 600-700°C range. However at low temperatures, non-wetting 
of the substrate surface with the solution becomes a serious problem, particularly with the 
solutions containing aluminium because of the formation of an oxide film over the solution. 
Zh. I. Alferov and his colleagues at A. F. Ioffe Physico-Technical Institute, Russia solved this 
problem by using a novel ‘piston’ type boat in which the growth solution is pushed over the 
substrate through a narrow channel, thereby removing any oxide film present on the surface 
of the solution. We use this scheme in the experiments described in this thesis. The solutions 
are displaced sequentially during the growth of the designed heterostructure. Details of a 
piston type graphite boat fabricated at TIFR and another at A. F. Ioffe Physico-Technical 
Institute, Russia will be given in this section. Phase diagram data for AlAs-GaAs materials is 
well known over temperature range 1100°C-400°C and the solution compositions can be 
computed using known fonnulae from the literature. Fow temperature phase diagram data for 
growing the active layers GaAs x Pi- x and GaAs x Sbi_ x , (T g ~650°C) is not readily available. 
Hence, we have calculated solution compositions required to grow these alloys in the range 
[1-x = 0-0.1], Calculations are based on regular solution model and details are given in this 
section. 

(ii) In this section we provide description of the methods used for characterizing the grown 
materials listed below. 

(a) Surface morphology of undoped and (Te, Ge, Mg) doped GaAs and AlGaAs single layers 
is studied using Nomarski interference contrast microscopy. Thickness of various layers 
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is evaluated using cross-section of heterostructures recorded using scanning electron 
microscopy. 

(b) Electrical measurements: i) Mobility and carrier concentration in single GaAs and 
Al x Gai_ x As (x=0.3) layers are obtained using Hall measurements, ii) Doping profile of 
heterostructures is obtained using electrochemical C-V profiling in which carrier density 
and conductivity (n/p) type is recorded while etching the structure electro-chemically. 

(c) XRD measurements: i) Double crystal x-ray diffraction plots are obtained from samples 
with and without P or Sb. ii) Simulated profiles with model sample structures are 
compared with experimental plots to estimate thickness, aluminium content of each layer 
and P/Sb content of active layer. 

(d) Optical measurements: i) Photoluminescence spectroscopy is used to determine optical 
quality of single layers and heterostructures, from the luminescence signal strength and 
full width at half maximum (FWHM) of the spectrum, ii) Composition of each AlGaAs 
layer is obtained from position of the peak in the spectrum for single layer as well as for 
number of layers in a multilayer heterostructure. 

(iii) We have developed a quick turn around process of fabricating laser diodes from the 
heterostructures synthesized in our laboratory. The process gives electrically isolated devices 
on bars of 0.25 to 1mm resonator length containing individual devices of 100-200 pin 
aperture. Light-output versus current characteristics of laser diodes are measured to check the 
lasing and to determine the threshold current. The emission spectrum is also measured to 
obtain lasing wavelength and confirm laser operation. 

In Chapter 3, we shall describe the growth experiments leading to the synthesis of variety of 
multilayered structures using AlGaAs/GaAs materials in the temperature range 700°-400°C. 
These experiments are: (i) growth of single layers of undoped GaAs. (ii) growth of undoped 
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and doped Al x Gai_ x As, [x = 0-0.3] layers using Sn, Te (n type dopants) and Ge, Mg (p type 
dopants), (iii) synthesis of five-layer structures to understand the problem of solution mixing 
and to test the feasibility of growing 5-10 mn thick layers, and eight layer structures for laser 
diodes. Layers in typical test structures are as follows: 

(a) synthesis of five layer heterostructure consisting of - 

1 ] n-doped lower cladding layer: n-Alo.6Gao.4As: Te 

2 ] undoped lower barrier layer: Alo.3Gao.7As 

3] active layer: undoped GaAs 

4] undoped upper barrier layer: Alo.3Gao.7As 

5] undoped/doped upper cladding layer: Alo.6Gao.4As / p-Alo.6Gao.4As: Mg 


(b) synthesis of eight layer heterostructure for laser diodes consisting of - 

1] n-doped buffer layer: n-Alo.3Gao.7As: Te 

2] n-doped lower cladding layer: n-Alo. 6 Gao. 4 As: Te 

3] undoped lower barrier layer: Alo.3Gao.7As 

4] active layer: GaAs, or GaAsP or GaAsSb (*) 

5] undoped upper barrier layer: Alo.3Gao.7As 

6 ] p-doped upper cladding layer: p-Alo. 6 Gao. 4 As: Mg 

7 ] p-doped spacer layer: p-Alo.3Gao.7As: Mg 

8] p-doped cap layer: p-GaAs: Mg 

[(*) Thin active layer consists of either GaAs or GaAsP or GaAsSb]. A number of 
heterostructures with different amounts of P and Sb in the active layer have been grown. 


The main problems to be solved in synthesizing the structures listed above are: 

We need to establish the amounts of aluminum and arsenic to be added to liquid gallium 
solvent to saturate each solution at a specific temperature, and to achieve the desired 
aluminum content in each of the above layers. Some layers such as the cladding layers, are 
quite thick (~1 pin) whereas the active layers are quite thin (50-100nm), and hence we need 
to establish the temperature interval and the growth duration of each growth separately before 
attempting multilayers. Since the growth in the LPE process occurs by supercooling, growth 
of multilayer structures is done over a wide range of temperatures between 700°-400°C. 
Observations of surface morphology, measurements of cleaved cross sections, 
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photoluminescence and x-ray diffraction were useful for evaluating various parameters of the 
grown layers. Additionally, some layers are doped n type and some are doped p type, while 
some others are undoped. We need to establish the background doping of undoped layers and 
the amount of particular dopant to be added to the solution to achieve a desired doping level. 
We have conducted extensive single-layer growth experiments to establish these aspects. We 
have found some specific morphological features obtained with different dopants. Smooth 
surface morphology is of course necessary for device-quality materials and hence we 
optimized our growth experiments to deposit layers reproducibly with required doping level 
and having a smooth morphology. Hall measurements were used for evaluating doping 
experiments. For multilayer structures, electrochemical C-V profiling technique was used to 
record doping levels in various layers. 

In going from the single layer to multilayer growth using several solutions, we encountered 
the problem of mixing between the solutions, which occurs when a solution pushes out the 
earlier one for the growth of the subsequent layer. Apart from mixing, there could be some 
grading and variations due to manual operation of solution displacements. Our experiments 
provide some measure of these aspects. Experiments have been conducted to establish the 
amounts of P (or Sb) source material used in the solution and the corresponding amount of P 
(or Sb) incorporated in the epitaxial layer. This was critical in experiments involving 
synthesis of GaAsP and GaAsSb active layers. Since we need to grow a very thin (50-100 
nm) active layer, it was necessary to establish the optimum growth parameters such as growth 
temperature, solution supersaturation, and growth duration. X-ray diffraction measurements 
were very useful in characterization of the structures containing these layers, particularly to 
establish that they were fully strained and pesudomorphic with the GaAs substrate. Ultimate 
test of these strained active layers being defect free was in the operation of laser devices. 
These aspects are covered in chapter 4. 
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In Chapter 4, we shall describe electro-optical characterization of heterostructures and laser 
diodes fabricated from the structures synthesized by us. The spectral measurements of 
electroluminescence from heterostructures will be presented. These will be compared with 
the photoluminescence spectra wherever possible. Also presented are the results of L-I and 
spectral characteristics of laser diodes. Analysis of the spectral peaks is done for the 
composition of the active layer material by including (i) A1 content due to solution mixing 
and (ii) strain effect in the layer containing P or Sb. Since the layers are fairly thick (-50 nm), 
quantum confinement effects are neglected. Results of this analysis are compared with the 
corresponding results obtained from XRD measurements. 

Thus, a correspondence between the material composition, strain, photoluminescence and 
XRD measurements is established. Finally, a comparison is made between the values of 
liquidus/solidus obtained from phase diagram calculations and the corresponding values 
obtained from the XRD and electro-luminescence experiments. An interesting dependence of 
the solidus values on the strain is obtained that seems to be of general significance. 

In Chapter 5, we shall summarize salient features of the work as listed below and indicate 
the scope for future work. 

(vii) Piston boat is found suitable for low temperature (700°-400°C) liquid phase epitaxy 
and useful for synthesizing device quality heterostructures with undoped, n type (Te), 
p type (Ge, Mg) AlGaAs and GaAs multilayered structures. 

(viii) Thin epitaxial layers (about 50 nm thick), for the active layer of laser diodes can be 
synthesized reproducibly using LPE. 


98 



(ix) Fully-strained, defect-free, thin pesudomorphic layers such as GaAsP and GaAsSb 
can be synthesized on GaAs substrates using LPE. These layers are of device quality 
and can be used for the active region of strained-layer laser diodes. 

(x) A disadvantage of piston boat is an unavoidable mixing of successive solutions with 
the preceding ones. About 3-7 % A1 is incorporated in GaAs grown from a solution 
that displaces the solution used for growing Alo. 3 Gao. 7 As layer. This has to be taken 
into account in the design of a layer, particularly the active layer. 

(xi) Emission wavelength of laser diode fabricated from such heterostructure with GaAs 
active layer is in 820-850 mn range. This variation is due to aluminium incorporation 
because of solution mixing. 

(xii) Incorporation of P produces tensile strain whereas compressive strain is produced by 
incorporation of Sb. The incorporation of P/Sb, changes the active layer material band 
gap from that of GaAs and hence different emission wavelengths can be obtained. 
Thus, with P incorporation lasers emitting at 795, 818, 830 and 833 mn are obtained 
whereas with Sb incorporation, lasers emitting at 855, 870, 880 and 900 mn are 
obtained. It is shown by x-ray measurements that the layers are pseudomorphically 
strained. 

(xiii) The thinnest layers grown reproducibly during this work are in 40-50 mn range. It 
seems desirable to (a) automate the movements of the solutions and (b) improve the 
saturation/growth temperature control to establish growth of thinner layer (-10 mn) 
reproducibly. Another aspect would be to incorporate such layers in devices and 
compare their performance with the devices synthesized using MBE and OMVPE. 

(xiv) This work can be extended using GaAs and other substrates, such as InP and GaSb, 
with active layer of a variety of alloys such as InGaP, InGaAsP, AlGaAsSb, and 
InGaAsSb to obtain lasers emitting in 650-1600 mn range. 
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(xv) LPE method is simple, relatively versatile and inexpensive. However, whether it is 
suitable for scaling up for industrial production of laser diodes emitting in 650-1600 
mn range needs to be established. 
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